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Abstract.  This paper presents a phenomenological analysis of ther-
modynamic parameters of a pulsed supersonic gas jet in a conical 
nozzle. Conditions have been found out for the condensation and 
formation of large krypton clusters resulting from phase transitions 
during adiabatic expansion of gas through the nozzle into vacuum. 
We have identified the phase state of the large clusters (submicron 
droplets consisting of ~107 monomers) forming in the jet and 
obtained a high yield of X-rays from a cluster nanoplasma pro-
duced by femtosecond laser pulses of relativistic intensity I. It has 
been shown that, at  I » 3 ´ 1018 W cm–2, a nanoplasma consisting 
of large krypton clusters emits a broadband X-ray spectrum in the 
range 5 – 100 keV. The integrated laser to X-ray energy conversion 
efficiency achieved is ~10–5 (400 nJ), and the efficiency of charac-
teristic Ka line (12.6 keV) generation is ~1.5 ´ 10–6 (68 nJ), which 
corresponds to a quantum yield of ~3  ´ 108 photons s–1 (4p)–1, with 
a contrast of ~25 relative to bremsstrahlung background.

Keywords: broadband X-rays, nanoplasma, large clusters, krypton, 
femtosecond pulse, relativistic intensity.

1. Introduction

The  development  of  bright  ‘table-top’  laser-plasma  hard 
X-ray sources (with photon energies E > 5 keV) is the subject 
of  intense  research  [1].  The  duration  of  X-ray  pulses  from 
such  sources  is  comparable  to  that  of  incident  laser  pulses 
(~10–12 s), which opens up the possibility of using them as an 
affordable alternative to radiation from synchrotron facilities 
and X-ray free-electron lasers (XFELs). Laser-plasma X-ray 
sources are intermediate in pulse duration between third-gen-
eration synchrotron facilities, which have a pulse duration of 

~50 ps, and XFELs, which are capable of ensuring a pulse 
duration of ~10 fs [2]. In characterisation of substances and 
materials,  monitoring  of  transient  intermediates  in  photo-
chemical reactions [3], investigation of short-lived nuclear iso-
mers [4], and studies of X-ray induced effects in biosystems at 
a high absorbed dose [5], where use is typically made of syn-
chrotron radiation sources and XFELs, one can apply broad-
band laser plasma radiation. To date, researchers have dem-
onstrated  the  possibility  of  time-resolved X-ray  absorption 
spectroscopy with the use of broadband laser plasma radia-
tion  [6]. Moreover,  characteristic  plasma  emission  lines  are 
successfully used in time-resolved X-ray structure analysis of 
matter [2].

The efficiency of hard X-ray generation is determined in 
large part by the choice of laser targets, which often have the 
form of condensed media: solids [7], structured targets [8, 9], 
or  liquid  jets  [6].  A  considerable  number  of  laser  plasma 
experiments have been carried out with solid targets in vac-
uum. Such  interaction  is  typically accompanied by the ejec-
tion of target fragments, which result from laser ablation and 
contaminate  the  optics  and  other  objects  in  the  chamber. 
Solid targets limit the number of shots, which depends on the 
surface area of the targets, usually in the form of moving rib-
bons, rotating discs, etc. As a result, one has to change them 
and then adjust the radiation focusing system. A compromise 
solution  is  to use microjets of  liquid metals,  e.g. of gallium 
[10].  In  this  approach,  however,  the  problem  of  vacuum 
chamber  contamination  remains  unresolved.  In  the  case  of 
liquid jets, one typically has to ensure X-ray generation with-
out vacuum, which  reduces  the  efficiency of  the  conversion 
process  because  ambient  air  ionisation  limits  the  intensity 
(clamping) [11].

Cluster jets are an alternative to solid targets in studies of 
interaction of ultraintense femtosecond laser pulses with mat-
ter. A laser-induced relativistic cluster nanoplasma can serve 
as a source of hard X-rays  [12], electrons  [13], protons  [14], 
neutrons [15], and terahertz radiation [16]. In addition, it can 
be  used  for  modelling  astrophysical  phenomena  [17]. 
Previously reported results [18, 19] demonstrate that a cluster 
plasma  is  of  interest  for  obtaining  both  characteristic  and 
bremsstrahlung X-rays. Efficient X-ray generation is due to 
the strong laser light absorption in a cluster jet. In particular, 
even at subrelativistic intensities (I ~ 1017 W cm–2) the absorp-
tion of the energy of ~30-fs laser pulses can reach ~78 % [20]. 
Rapid cluster nanoplasma expansion in a time t » 1 ps limits 
the X-ray pulse duration. As a consequence, cluster sources of 
hard  radiation  ensure  an  order  of magnitude  shorter  pulse 
duration than do solid targets  [21]. Cluster  jets  from nozzle 
sources combine practical advantages of a gas jet (free from 
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contaminating solid target fragments and constantly renew-
able  to  ensure  a  high  repetition  rate)  [22]  and  the  strong 
absorption in a cluster gas medium. Since cluster jet parame-
ters  are  restored  before  every  interaction  event,  there  is  no 
need to maintain high spatial stability during every laser shot, 
unlike in the case of solid targets.

Large clusters with a number of monomers above 105 – 106 
are known to interact effectively with intense subpicosecond 
laser pulses  [23,  24]. With  increasing  cluster  size,  the X-ray 
yield and the degree of ionisation of the forming nanoplasma 
increase [25]. Cluster nanoplasma heating is mainly caused by 
a  nonlinear  resonance  absorption  [26].  The  length  scale  of 
cluster heating can be characterised by the free electron oscil-
lation amplitude in the laser field [27], which can be used for 
evaluating  the optimal  size of  clusters  to be used as a  laser 
target. For example, at a laser intensity I » 1018 W cm–2 the 
optimal cluster size is ~100 nm.

Laser – cluster interaction can be optimised by controlling 
cluster laser target parameters (average cluster size and clus-
ter concentration  in  the  jet), varying  the  initial  temperature 
and pressure in the nozzle chamber, and adjusting the super-
sonic nozzle geometry. Note that one concomitant condition 
with the optimisation of laser – cluster interaction and control 
over cluster jet parameters is to check whether the cluster jet 
formation conditions are optimal, which depends in particu-
lar on stable operation of the pulse valve. Because of this, the 
use of optical methods based on test laser light scattering for 
diagnosing  cluster  jets  is  a  necessary  preliminary  step  of 
experiments in question [19].

In the case of Kr clusters, there is considerable interest in 
experimental studies of the spectrum of highly excited atoms 
[28] and efficient generation of spectrally bright characteristic 
X-rays (Ka line, 12.6 keV) [29]. Note also radiation amplifi-
cation on the 26Kr 3s ® 2p, transition (~1.652 keV) in a fila-
ment initiated in a krypton cluster beam by femtosecond laser 
pulses [30] and electron acceleration in a cluster nanoplasma 
to MeV energies by relativistic laser pulses [13]. For efficient 
X-ray generation, use is usually made of targets consisting of 
high atomic number (Z) elements. In the case of gases, these 
are Kr and Xe. Note that Kr has the advantage of being read-
ily available.

It is worth noting that X-rays play a key role in the above-
mentioned  applications,  providing  information  about  elec-
tron temperature and energy. Interaction of intense femtosec-
ond laser pulses with cluster targets and, hence, nanoplasma 
generation depend on a number of key parameters,  such as 
the laser pulse intensity, duration, and contrast and the size 
and  concentration  of  clusters  resulting  from  adiabatic  gas 
expansion  into vacuum. Because of  this,  to  reach high  effi-
ciency of such X-ray sources it is necessary to optimise cluster 
jet and laser light parameters.

In this paper, we present a phenomenological analysis of 
pulsed supersonic krypton cluster jet parameters in a conical 
nozzle for phase transitions during adiabatic expansion into 
vacuum. The results make it possible to produce an efficient 
broadband  source  of  ultrashort  X-ray  pulses  in  the  range 
5 – 100 keV based on large Kr clusters exposed to light from a 
terawatt peak power femtosecond Ti : sapphire laser system at 
a relativistic intensityI » 3 ´ 1018 W cm–2.

2. Diagnosis of large cluster formation

In our experiments, Kr cluster jets at initial gas pressures in 
the range 10 – 60 atm were diagnosed using Rayleigh scatter-

ing measurements. Well-known and easy to implement, this 
method allows one to monitor clustering in a jet because the 
scattering  signal SR  is  related  to  the  cluster  concentration 
(ncl) and the average number of particles per cluster (Ncl by 
SR µ nclN cl2  [31]. Figure 1 shows a schematic of the experi-
mental  setup. A  5°  half-angle,  24-mm-long  conical  nozzle 
with a 0.5-mm throat was connected to a Parker gas pulse 
valve with an outlet orifice diameter of 0.5 mm. The opera-
tion of the valve was controlled by a controller unit. The gas 
pulse valve was opened for 2 ms. Gas was admitted into a 
vacuum chamber, which was pumped by a roughing pump 
at a rate of 14 L s–1. With the gas admission system in opera-
tion,  the background pressure  in  the vacuum chamber did 
not exceed ~150 mTorr. As a 445-nm probe light source, we 
used a 60-mW diode laser, whose beam was focused onto the 
axis of the cluster gas jet 1 mm from the nozzle exit by an f = 
67 cm lens. The plane of polarisation of the probe beam was 
parallel  to  the  cluster  jet  propagation  direction.  The 
Rayleigh  scattering  signal was measured by a photomulti-
plier. An image of the scattering region was recorded by a 
CCD array.
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Figure 1. Schematic  of  the  experimental  setup  for  diagnosing  cluster 
jets using Rayleigh scattering: 
( 1 ) f = 67 cm lens; ( 2 ) chamber containing high-pressure gas and con-
nected to a pulsed nozzle; ( 3 ) photomultiplier; ( 4 ) CCD array; ( 5 ) lens; 
( 6 ) objective; ( 7 ) optical filter. The two-headed arrow indicates the po-
larisation  direction  of  the  probe  beam.  Inset:  temporal  shape  of  the 
scattering signal.
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Figure 2. Measured Rayleigh scattering signal as a function of krypton 
pressure ( ) and calculated nclNcl

2 product ( ). 
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As a result, the amplitude of the scattering signal recorded 
by the photomultiplier was found to be a power-law function 
of gas pressure [SR ~ P 2.7 ± 0.1 (Fig. 2)], in agreement with data 
in the literature [31]. The temporal shape of the scattering sig-
nal  varied  little  with  gas  pressure.  A  characteristic  signal 
shape is shown in the Fig. 1 inset. The scattering signal profile 
(Fig.  3)  reflects  the  clustered  material  density  distribution. 
The  cluster  jet  diameter, measured  at  a  scattering  signal  to 
noise ratio of 1.1, is 5 mm. The measured scattering profile of 
the cluster jet leads us to conclude that the optimal position of 
the  laser  focal point  is  in  the highest density zone, which  is 
located about 1 mm from the axis of the conical nozzle.

3. Some aspects of cluster and aggregate 
formation

At present, there is no consistent description of the formation 
of large aggregates (clusters, microdroplets, or microcrystals) 
in  gaseous  media  or  jets.  The  existing  phenomenological 
approaches  build  on  a  separate  description  of  clustering 
[32, 33] and condensation [34] with the use of thermodynami-
cally equilibrium parameters (density, temperature, and pres-
sure) obeying equations of gas dynamics and thermodynam-
ics.  It  is  then convenient  to  locate regions of clustering and 
subsequent  condensation  by  analysing  the  behaviour  of 
expansion isentrops in P – T phase diagrams.

It is known that, during gas expansion in a supersonic jet, 
only  small  clusters  (no  more  than  ten  atoms)  are  formed 
before the beginning of the condensation zone because of the 
highly nonequilibrium state of the system [35]. The formation 
of  aggregates,  such  as  large  clusters,  microdroplets,  and 
microcrystals, should begin during the gas condensation pro-
cess. Characteristics of nanoaggregates  (size,  concentration, 
and phase  state) during gas condensation  in  supersonic  jets 
depend directly on conditions in the nozzle chamber (pressure 
P0 and temperature T0 determine stagnation conditions) and 
are controlled by them. In addition, they depend on the noz-
zle design and the pressure in the gas chamber. Krypton con-
densation results obtained under the experimental conditions 
of this study were for the first time described by us based on 
analysis of the behaviour of expansion isentrops in the rele-
vant P – T phase diagram (Fig. 4). Sublimation (TS), melting 

(TM),  and  boiling  (TC)  curves  were  obtained  using  previ-
ously  reported  data  [36 – 38].  The  isentrops were  calculated 
using the Redlich – Kwong equation of state [39] with coeffi-
cients that ensured calculation accuracy better than 2 % in the 
region of working pressures and temperatures.

During  the  gas  expansion  process,  the  representative 
point  in  the P – T phase diagram moves along a  ‘dry’  isen-
trop (in the absence of condensation) from the initial condi-
tions  (P0  and T0)  to  the  intersection with  a phase  equilib-
rium curve (vaporisation or sublimation curve). In this pro-
cess,  the  system  remains  single-phase  (gas).  After  the 
intersection with the phase equilibrium curve, the represen-
tative point continues to move for some time along the ‘dry’ 
isentrop  in the condensed phase field (Fig. 4,  field 1 or 2), 
where the system is in a metastable state. The extent of the 
metastable phase field depends on the time needed to reach 
a  steady-state  nucleation  rate  (time  lag),  which  was  vari-
ously estimated at between 0.2 and 20 ms [40]. Next, reaching 
the maximum supersaturation, the system collapses, and the 
representative point passes to the adiabat of the gas – micro-
droplet or gas – microcrystal equilibrium two-phase system. 
The growth of the droplets stops and further increase in par-
ticle size is due to the coalescence of small droplets. Finally, 
the pressure becomes so low that ‘quenching’ occurs, i.e. the 
number  and  size  of  aggregates  remain  constant,  and  only 
their concentration decreases.

The location of the corresponding zones in and behind the 
nozzle depends directly on stagnation conditions (P0 and T0). 
With  increasing  initial  pressure P0  at  constant  temperature 
T0,  supersaturation  occurs  at  a  higher  pressure.  Therefore, 
the zones shift against the flow of the gas jet. In contrast, with 
increasing  temperature  T0  at  constant  P0,  supersaturation 
occurs at a  lower pressure and  the zones  shift downstream. 
The same is caused by the increase in flow velocity upon an 
increase  in the  initial  temperature T0. A qualitative analysis 
suggests that, at the nozzle exit, the jet should contain large 
krypton aggregates, in the form of microcrystals at a stagna-
tion temperature T0 = 298 K and pressures P0 < 7.96 atm. At 
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Figure 3. Transverse  Rayleigh  scattering  signal  profile  at  a  krypton 
pressure of 60 atm. The dashed line shows the position of the cluster jet 
axis. 
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Figure 4. P – T phase diagram of krypton with expansion isentrops (red 
lines): TC, TM, and TS are the boiling, melting, and sublimation curves; 
C is the critical point; and T is the triple point. The numbers indicate the 
(1) solid, (2) liquid, and (3) gas phase fields. The scales of the axes in the 
P – T  phase  diagram  are  normalised  to  the  critical  pressure  Pcr  = 
54.3 atm and critical temperature Tcr = 209.45 K.
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this temperature and higher pressures, the formation of both 
microcrystals (possibly at P0 = 10 atm) and microdroplets (at 
P0 = 60 atm) is possible.

Quantitative results can be obtained by solving the corre-
sponding gas dynamics problem, which yields the distribution 
of flow parameters (density, temperature, and flow velocity) 
in a particular nozzle and behind its exit. In the case of the 
conical nozzle used by us, with a slowly varying profile, ade-
quate quantitative estimates can be made using a quasi-one-
dimensional model for expansion in a nozzle [41]. This allows 
the  dependence  of  flow  parameters  on  longitudinal  coordi-
nate to be described rather strictly, with cross-sectional aver-
aging. As a result, an independent spatial variable in our case 
is the coordinate along the nozzle axis, and the cross-sectional 
area of the nozzle is its function.

It  follows  from  our  estimates  in  the  quasi-one-dimen-
sional model for krypton expansion in a 5° half-angle coni-
cal nozzle at P0 = 5 atm and T0 = 298 K that condensation 
begins less than 1 mm downstream from the nozzle throat. 
Similar  results were  obtained  for  argon  expansion  in  a  4° 
half-angle conical nozzle at P0 = 3 atm and T0 = 170 K in 
classical  nucleation  theory  [42].  Note  that,  in  the  case  of 
conical nozzles, stagnation pressures in the range from 20 to 
70 atm, and a temperature of 293 K, the average radius of 
the  krypton  condensate  (microdroplet  or  microcrystal) 
1.5  mm from the nozzle exit is 55 – 85 nm, which corresponds 
to a number of monomer atoms per cluster from 2.3 ´ 107 to 
8.5 ´ 107  [43].

Note  the  following  unexpected  finding:  Despite  the 
above-mentioned separation of the clustering and conden-
sation zones in the jet, the clustering model used by us for 
describing  the  krypton  aggregation  process  [33]  ensured 
good agreement of model nclN cl2  calculations with  experi-
mental Rayleigh  scattering data  (Fig.  2)  and  calculations 
using Hagena formulas. At the maximum level of the scat-
tering  signal,  corresponding  to  the  largest  clusters  (P0  = 
60 atm and T0 = 298 K),  calculation using  the  clustering 
model yielded an average cluster  size Ncl = 5.5 ´  106  (for 
clusters consisting of monomers) at a cluster concentration 
in the jet ncl = 2.6 ´ 1012 cm–3. Calculations using Hagena 
well-known semiempirical  formulas  [44]  corrected  for  the 
case of high pressures give Ncl » 6 ´ 106 atoms per cluster. 
With  allowance  for  the Wigner – Seitz  radius  of Kr  (rw = 
2.15 Å  [45]),  the  diameter  of  the  clusters  under  consider-
ation can be estimated at ~80 nm. This cluster diameter is 
comparable  to  the  penetration  depth  of  electrons  [27] 
accelerated by a relativistic laser field of intensity I » 3 ´ 
1018 W cm–2, which  corresponds  to optimal  laser  heating 
conditions.

The present results demonstrate that the Weiel model can 
have  a  predictive  value  (cluster  concentration  and  size)  in 
designing  experiments  aimed  at  producing  targets  under 
supercritical conditions not only  in the case of krypton and 
other  inert  gases  but  in  the  case  of molecular  compounds, 
such as CO2, water,  ethanol,  and acetone. This will  require 
further experimental verification.

Of special note is that, in identifying supercritical condi-
tions for krypton in the chamber over the nozzle (critical pres-
sure Pcr = 54.3 atm and temperature Tcr = 209.45 K), it fol-
lows from analysis of the behaviour of isentrops that conden-
sation  occurs  essentially  just  behind  the  nozzle  throat, 
resulting in the formation of a ‘large’ condensate. With allow-
ance for data reported by Mareev et al. [46] on clustering of 
carbon dioxide  in  a  similar  state,  it  is  reasonable  to  expect 

that critical fluctuations in the high-pressure chamber before 
expansion  will  influence  the  dynamics  of  clustering  during 
krypton cluster gas jet expansion into vacuum.

Thus, we have performed a phenomenological  analysis 
of supersonic gas jet parameters in a conical nozzle, identi-
fied  the  corresponding phase  states,  and  found out  condi-
tions for the formation of large krypton clusters (d » 80 nm). 
This allows the present results to be adapted for maximising 
the yield of X-ray photons from a cluster nanoplasma at a 
given femtosecond laser output intensity and beam focusing 
quality.

4. Hard X-ray generation in a relativistic 
krypton cluster nanoplasma

X-ray emission from a krypton cluster nanoplasma has been 
studied over the past few decades. Special mention should be 
given  to  studies  by Zhang  et  al.  [18],  Issac  et  al.  [19],  and 
Hayashi et al. [29], which differed drastically in parameters 
of  the  experimental  setups  used  and  the  results  obtained. 
Issac  et  al.  [19]  utilised  a  capillary  nozzle  at  a  peak  laser 
power  under  2  TW.  Such  power  exceeds  the  relativistic 
power of self-focusing, but experimental evidence of such a 
process in the form of a concomitant filament in Thomson 
scattering detection is lacking. Zhang et al. [18] carried out 
their experiments at an intensity of ~3 ´ 1019 W cm–2 and an 
electron density ne  comparable  to  the  critical  one, ncr. We 
call attention  to  the considerable variation of  the effective 
hot electron temperature from that reported by Issac et al. 
[19]: 2.9 and 16 keV, respectively.

Hayashi  et  al.  [29]  investigated  the  stability of  12.6-keV 
characteristic  X-rays  at  a  laser  beam  intensity  of  5  ´ 
1016 W cm–2. Based on their results, krypton cluster jets were 
recommended  as  a  target  for  use  in  laser-plasma  X-ray 
sources  for  radiography.  To  achieve  highly  efficient  X-ray 
generation,  the  ponderomotive  energy  of  plasma  electrons 
should be increased. The use of laser radiation of relativistic 
intensity allows electrons to gain a ponderomotive energy of 
hundreds of kiloelectronvolts. Their interaction with a dense 
nanoplasma  ensures  efficient  bremsstrahlung X-ray  genera-
tion.

As mentioned above, the results presented in the preced-
ing section on the conditions of the formation of large kryp-
ton clusters and  their parameters make  it possible  to opti-
mise the initial conditions for our experimental capabilities. 
Kr cluster  jets were exposed to radiation from a femtosec-
ond Ti : sapphire laser system with a peak output power of 
0.9 TW (pulse energy, duration, and repetition rate of 45 mJ, 
50 fs, and 10 Hz, respectively). The amplified spontaneous 
emission (ASE) contrast was ~108 over 100 ps before a main 
pulse [13].

Figure  5  shows  a  schematic  of  the  experimental  setup. 
Linearly polarised laser light was focused onto a cluster jet 
by an off-axis parabolic mirror with f /D = 6.7, which ensured 
a relativistic vacuum laser beam intensity of ~3 ́  1018 W cm–2 
(normalised vector potential a0 = 1.2) at a Rayleigh length of 
40 mm. Kr  clusters  were  formed  as  a  result  of  supersonic 
expansion from a supercritical state of krypton (pressure of 
60 atm and temperature of 298 K). The position of the laser 
focal point was optimised so that eventually it was located in 
the region of the highest nanoparticle concentration on the 
front jet boundary 1 mm from the nozzle exit. This was con-
sistent  with  the  Rayleigh  scattering  intensity  profile  mea-
sured using the CCD array (Fig. 3). In our experiments, we 
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optimised  the  gas  pressure  in  the  chamber  over  the  pulse 
valve.

At a krypton pressure of 60 atm, an incident femtosecond 
laser  power  of  0.9 TW was  found  to  cause  relativistic  self-
focusing  in  the  cluster  jet.  That  a  relativistic  intensity  was 
reached  and  self-focusing  developed  was  ascertained  by 
recording accelerated electron beams on a Kodak Lanex scin-
tillator. The frontside of the Lanex scintillator was protected 
from  optical  radiation  by  28-mm-thick  aluminium  foil. 
According to Monte Carlo simulation of the passage of elec-
trons through aluminium foil with CASINO software [47], an 
electron beam with an electron energy above 400 keV is trans-
mitted by such filters without distortion. The critical power 
for  relativistic  self-focusing  was  estimated  using  the  well-
known  formula  plas  cr  =  17.4(ncr/ne)  GW.  Using  relations 
describing supersonic expansion of an  ideal gas  jet  [44],  the 
mean concentration of atoms at the exit of a conical nozzle 
can be evaluated as n = 0.01n0, where n0 is the mean concen-
tration of atoms in the high-pressure chamber over the pulse 
valve of  the nozzle. For the highest possible pressure under 
the conditions of this study, P = 60 atm (limitation due to the 
operation mode of the pulse valve), and normal temperature 
(Т0 = 298 K), we then obtain n = 1.6 ´ 1019 cm–3. Using data 
on  the degree of  ionisation of krypton  (+15) at an  incident 
laser beam intensity I ~ 1018 W cm–2 [48], the mean plasma 
electron  density  in  the  exposed  region  can  be  estimated  at 
nе » 2.4 ´ 1020 cm–3 (ncr » 1.7 ´ 1021 cm–3 at a wavelength of 
0.8  mm).  The  critical  power  for  relativistic  self-focusing  is 
plas  cr » 0.1 TW, which is about a factor of 9 lower than the 
laser output power used.

The evolution of self-focusing was monitored using a lat-
eral image of laser filaments in the cluster jet, obtained with 

the CCD array. In recording Thomson scattering, a 0.8-mm 
interference filter was placed in front of the array. The X-ray 
spectrum of the nanoplasma was measured using detectors 
with direct recording of the wanted signal: Greateyes silicon 
array (5 – 25 keV) and MediPIX semiconductor detector on 
a CdTe chip (15 – 100 keV). Joining the data obtained with 
the two detectors allowed us to measure for the first time the 
X-ray spectrum in a wide range: 5 – 100  keV.

Fine tuning of the position of the laser focal point in the 
cluster  jet  was  ensured  by  simultaneously  measuring  the 
integrated X-ray yield with the MediPIX detector and mon-
itoring Lanex scintillator glow (Fig. 6). Reaching the opti-
mal X-ray yield was accompanied by electron acceleration 
to  energies  above  0.4 MeV.  This  pointed  to  a  relativistic 
laser beam intensity in the filament, whose lateral image is 
presented  in Fig. 7. Further  increasing  the cluster  size will 
cause no increase in generation efficiency because the aver-
age  cluster  size  is  comparable  to  the  penetration  depth  of 
electrons  accelerated  by  a  relativistic  laser  field  with  an 
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Figure 5. Schematic of the experimental setup for investigation of inter-
action of femtosecond laser light with a Kr cluster jet: 
( 1 ) off-axis parabolic mirror with f /D = 6.7; ( 2 ) Lanex scintillator; ( 3 ) 
CCD array; ( 4 ) MediPIX detector; ( 5 ) Greateyes array.

150 mrad

Figure 6. Lanex scintillator glow under the effect of an accelerated elec-
tron beam with an ~280-mrad divergence. The asterisk  is  shown  for 
reference to the recording region.

500 mm

Figure 7. Image of a laser filament in a cluster jet (the arrow indicates 
the laser light propagation direction).
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intensity I » 3 ´ 1018 W cm–2, which corresponds to optimal 
laser heating conditions.

In our experiments, we recorded the X-ray spectrum of a 
relativistic  krypton  nanoplasma  in  the  range  5 – 100  keV 
(Fig. 8). The integrated efficiency of laser energy conversion 
to hard X-rays was ~10–5 (the total X-ray energy was 400 nJ). 
In the range 7 – 35 keV, the spectrum is well fitted by a biex-
ponential function, A1exp(–E/kT1) + A2exp(–E/kT2) (where E 
is the X-ray photon energy), corresponding to a two-temper-
ature electron distribution [19]. The ‘temperature’ of one elec-
tronic  component was T1 = 1.6 ± 0.2   keV and  that of  the 
other component was T2 = 7 ± 1 keV, in agreement with pre-
viously reported data [19]. In the energy range 35 – 100 keV, 
the X-ray spectrum was well fitted by a function of the form 
A3exp(–E/kT3),  with  an  electron  ‘temperature’  T3  =  18  ± 
2 keV. The solid line in Fig. 8 represents the fit to the mea-
sured  spectrum  in  the  range  7 – 100  keV.  The  efficiency  of 
characteristic Ka line (12.6 keV) generation over the full solid 
angle was found to be 1.5 ´ 10–6 [or 3 ´ 108 photons s–1 (4p)–1], 
in reasonable agreement with data reported by Zhang et al. 
[18], which were however obtained at an order of magnitude 
higher laser beam intensity (~3 ́  1019 W cm–2) and a power of 
20 TW. Measuring  the  focal  spot diameter of  the parabolic 
mirror (4 mm FWHM) and assuming that the pulse duration 
of the X-ray source is equal to the laser pulse duration (50 fs), 
we  can  estimate  the  peak  brightness  of  the  characteristic 
X-ray  (12.6  keV)  source  made  by  us.  It  turns  out  to  be 
1018 photons s–1 mrad–2 mm–2, approaching the brightness of 
third-generation synchrotron sources [2].

The  size  of  the  X-ray  source  was  estimated  from  the 
Thomson  scattering  localisation  region,  which  depends  on 
laser beam intensity and electron density. Therefore, filament 
regions where the highest plasma density and laser energy are 
concentrated  have  the  highest  radiance.  Estimates  of  the 
dimensions  of  the X-ray  source  showed  that  its  length was 
187 ± 70 mm (Fig. 7).

A  source  of  ultrashort  hard  X-ray  pulses  in  the  range 
5 – 100 keV based on a relativistic Kr cluster nanoplasma gen-
erated  by  a  terawatt  femtosecond Ti : sapphire  laser  system 

can be used in a number of applications. In particular, com-
bined with polycapillary optics [49], whose distinctive feature 
is a broad energy transmission spectrum, such a source will 
allow X-rays to be focused to a spot diameter of ~100 mm. 
The  efficiency of photon  focusing onto a  sample  can  reach 
~10–4 of the number of photons emitted by the source over 
the  full  solid angle. This estimate was made with allowance 
for the spectral efficiency of polycapillary optics, ~10 %, and 
the  characteristic  solid  angle  of  X-ray  collection  from  the 
source, ~0.01  sr  [49]. Such an X-ray  source  can be used  in 
applications concerned with analysis of absorption spectra of 
materials  [X-ray  absorption  near  edge  structure  (XANES) 
and extended X-ray absorption fine structure (EXAFS)]. An 
important point is that, unlike sources based on solid targets, 
laser – cluster X-ray sources are capable of continuously oper-
ating for a long time, only limited by the amount of gas in the 
high-pressure chamber.

5. Conclusions

We have  performed  a  phenomenological  analysis  of  super-
sonic gas jet parameters in a conical nozzle, identified the cor-
responding phase state, and found out conditions for the for-
mation of large krypton clusters (droplets ~80 nm in diame-
ter) in order to maximise the yield of X-ray photons from a 
relativistic  cluster nanoplasma at a given  femtosecond  laser 
output intensity and beam focusing quality.

The X-ray emission spectrum of a  relativistic Kr cluster 
nanoplasma has been measured  for  the  first  time  in a wide 
range of X-ray photon energies (5 – 100 keV) using a repeti-
tively pulsed terawatt femtosecond laser system at an output 
intensity I » 3 ´ 1018 W cm–2. The spectrum of plasma elec-
trons  in  this  range  can  be  represented  as  the  sum  of  three 
exponentials with  electron  temperatures of 1.6 ± 0.1, 7 ± 1 
and 18 ± 2 keV. Direct measurements of the forming electron 
beam have demonstrated the presence of a considerable num-
ber of electrons with energies above 400 keV. The ultrashort 
hard X-ray pulse source made by us has an integrated laser to 
X-ray  energy  conversion  efficiency  of  ~10–5  (400  nJ).  Its 
length is ~200 mm, and the efficiency of characteristic Ka line 
(12.6  keV)  generation  is ~1.5  ´  10–6  (68  nJ),  which  corre-
sponds to a quantum yield of 3 ´ 108 photons s–1 (4p)–1, with 
a contrast of 25 relative to the bremsstrahlung spectrum. The 
peak brightness of the characteristic X-ray source is estimated 
at 1018 photons s–1 mrad–2 mm–2.

The laser – cluster hard X-ray emitter can find application 
for intrinsic light excitation of a nanoplasma of the Kr83 iso-
mer,  with  its  first,  short-lived,  level  having  an  energy  of 
9.4 keV and its second, long-lived, level at 41.6 keV [50, 51].

Investigation  at  a  krypton  pressure  of  60  atm  in  the 
chamber  over  the  pulse  valve  involved  the  formation  of 
nanoaggregates  under  supercritical  initial  conditions  far 
from the phase transition to a supercritical state. Recently 
obtained data on cluster growth in a CO2 jet resulting from 
expansion  from  a  supercritical  state  in  the Widom  delta 
[46]  suggest  that  similar behaviour  should be  expected  in 
the case of Kr cluster jets. Note that increasing the cluster 
density in a Kr jet will allow the fraction of the absorbed 
laser  energy  to be  increased and will probably  lead  to an 
increase in X-ray generation efficiency. The increase in the 
fraction of clustered substance in the laser-exposed region 
with increasing X-ray yield is critical for Kr83 photoexcita-
tion.
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Figure 8. X-ray  spectrum  of  a  relativistic  krypton  nanoplasma.  Gas 
stagnation pressure, 60 atm.
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