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Abstract.  The characteristic scale of spread of the plasma formed 
on the surface of a bulk iron target irradiated by a femtosecond 
laser pulse with an intensity of 1016 W cm–2 is measured by time-
resolved interference microscopy using femtosecond pulses emitted 
by a Cr : forsterite laser system with an intensity contrast of 107. 
The chosen technique is demonstrated to be efficient in such mea-
surements. It is shown experimentally that, as a result of laser pulse 
impact, the displacement of a plasma layer with a density exceeding 
critical does not exceed 30 nm.

Keywords: femtosecond pulse, hot electrons, electron acceleration 
mechanisms, interference microscopy.

1. Introduction

The methods for simulating laser – plasma interaction proces
ses have been constantly improving: more than ten theoretical 
studies on  this  subject area were published only  in  the year 
last (see, e. g., [1, 2]). At the same time, correct simulation of 
these processes calls for binding to experimental parameters, 
because the properties of plasma on the target surface depend 
on not only the target characteristics (structure, composition, 
thickness,  and  density)  but  also  on  the  pulse  parameters: 
duration,  energy,  power  density,  and polarisation. With  an 
inc rease in the laser pulse intensity the pulse temporal profile 
becomes of prime importance. Indeed, the presence of a pre
pulse may lead to the formation of preplasma on the target 
surface, which affects the hotelectron generation efficiency. 
The influence of preplasma on both the processes of genera
tion  of  fast  electrons  (their  spectrum,  spatial  distribution, 
angular divergence) and their temperature was investigated in 
[3, 4]. Despite the fact that the objects of the aforementioned 
studies  were  pulses  with  intensities  close  to  relativistic,  the 
regularities obtained are also valid for lower intensity pulses. 

In the case of an obliquely incident ppolarised ultrashort 
laser pulse (I l2 £ 1017 W cm–2 mm2), hot electrons are mainly 
generated via two collisionless mechanisms: vacuum heating 
and resonance absorption (see, for example,  [5]). According 
to the vacuum heating mechanism, which was proposed more 
than 30 years ago [6], electrons are pulled out from the super
critical plasma boundary by the laser pulse field into vacuum 
and  turned  backward  to  the  target  for  a  time  equal  to  the 

electricfield oscillation halfperiod. The mechanism of reso
nance absorption of laser radiation implies that a ppolarised 
electromagnetic wave obliquely  incident on  inhomogeneous 
plasma can be absorbed with simultaneous excitation of an 
electron plasma wave [7]. Thereafter, it was shown by parti
cleincell (PIC) simulation [8] that the vacuum heating mech
anism is dominant in the case of steep plasma density gradi
ents L: L /l < 0.1.

The characteristic Xrays generated in plasma by a ppo
larised femtosecond pulse can be used as a diagnostic tool to 
estimate experimentally the action of a particular mechanism. 
To determine the dominant mechanism of hotelectron gen
eration, experimental dependences of the Ka radiation inten
sity on the angle of incidence of a laser pulse on a target were 
obtained in [9]. The results of that study showed that the hot
electron  generation  in  the  entire  angular  range  could occur 
according to both aforementioned mechanisms; the decisive fac
tor is the characteristic size of plasma density inhomogeneity 
along the normal to the interface in the vicinity of critical den
sity value. This characteristic size was not determined in [9].

In this paper we purpose a method for estimating the cha
racteristic  inhomogeneity  scale  using  timeresolved  interfer
ence  microscopy  (this  technique  was  described  in  detail  in 
[10,  11]), which was applied for the first time to investigate the 
preplasma on a target surface exposed to a femtosecond laser 
pulse with intensity of ~1016 W cm–2. A distinctive feature of 
our study is the use of a pulsed IR laser source with an inten
sity contrast of 107.

2. Schematic of the experiment

Plasma was  formed  using  a  terawatt  femtosecond  IR  laser 
system based on an active Cr : forsterite element, which gener
ates pulses with a duration of ~80 fs, energy up to 90 mJ, and 
a  repetition  rate of  10 Hz;  the pulse wavelength  and band
width are 1240 nm and 26 nm (FWHM), respectively [12].

The dynamics of preplasma formation and expansion under 
the action of femtosecond pulses with an intensity of ~1016 W 
cm–2  was  studied  by  timeresolved  interference  microscopy 
[13], which provides information about changes in the ampli
tude rind and phase Yind of complex reflection coefficient. This 
technique was previously used to investigate such processes as 
the  formation  of  electron – hole  plasma  in  semiconductors 
[14, 15], phase transitions in solids [11, 16], and ablation of a 
surface  exposed  to  ultrashort  laser  pulses  [17].  It  was  also 
applied to determine the optical and transport properties of 
plasma  at  an  irradiation  intensity  of ~1015 W  cm–2  [18]  in 
order to find the strength of metals in liquid phase [19, 20]. It 
is based on the pump – probe scheme, in which laser radiation 
is divided by a beam splitter  into two beams: pump (higher 
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power)  and  probe  ones  (Fig.  1).  To  change  the  laser  pulse 
energy, a polarisation attenuator  (composed of a halfwave 
plate and a prism polariser) was installed in each arm, and the 
energy was monitored using a calibrated germanium photodi
ode, which detected the radiation reflected from a wedgesha
ped glass plate with a 5° vertex angle. The probe pulse (at the 
doubled frequency in a DKDP crystal, l = 620 nm) served to 
illuminate  the  sample  region  under  study.  Our  system  was 
equipped  with  a  Standa  8MT160300  delay  line,  which 
allowed one to change the delay time tdelay between the pump 
and probe pulses with a step of 8 fs. Uniform illumination of 
the region analysed was provided by a spatial filter installed 
in the probe beam; it was a 1 : 1 Kepler telescope with a pin
hole mounted in the common focal plane of the lenses.

An interference unit (assembled according to the Michel
son scheme) is mounted in the vacuum chamber. The cham
ber has four flanges, which make it possible to match optical 
windows, electrical connectors, and inlet valves. Laser radia
tion is introduced through the input window, which is antire
flective both at the fundamental radiation wavelength of the 
laser  system  and  at  the  secondharmonic  wavelength.  The 
chamber was evacuated to a pressure of ~10–3 Torr.

The target surface image is transferred to the CCD array 
plane with a magnification of М ~ 30´ using a 9power mic
rolens (NA = 0.2). The second interferometer arm is formed 
by a microlens with similar parameters and a reference mir
ror. The  intensities  in the  interferometer arms are equalised 
using a set of neutral light filters, installed between the refer
ence mirror and microlens. The probe (object) beam, reflected 
from the sample surface, interferes with the reference beam in 
the plane of the CCD array, which is placed beyond the vac
uum chamber. The broadband radiation of plasma was weak
ened by a set of light filters mounted before the array. This set 
included a narrowband interference light filter, transmitting at 
the probe pulse wavelength lprobe = 620 ± 10 nm, and  light 
filters SZS23, KS11, and OS4.

Interference patterns of the target surface were measured 
with a cooled SensiCam QE CCD camera (PCO CCD Ima
ging). They were recorded pairwise: prior to the laser impact 
and  during  it  (at  a  certain  tdelay  value).  Their  processing 

yields a spatial distribution of the phase of complex reflection 
coefficient: Yind(x, y) [13]. The error in estimating the change 
in the reflected wave phase, DYind, in interference microscopy 
is ~p /100 [10, 11].

The  target  was  a  cylindrically  shaped  bulk  iron  sample 
(Æ 30 mm, height 35 mm) with a lateral surface roughness no 
worse  than Rz10.  To  perform measurements  at  different 
points,  the  target was  installed  on  a motorised  target  unit, 
consisting  of  Standa  translation  stages:  three  8MT17320 
motorised linear translation stages and one 8MR17411 rota
tional translation stage. The target was oriented so as to make 
the probe and the pump laser beams incident on its cylindrical 
surface normally and at an angle of 45°, respectively. The pump 
beam at the vacuum chamber input had a diameter of 35  mm 
and was focused by an MPD229M01 offaxis parabolic mirror 
(Thorlabs) with a focal length of 50.8 mm.

3. Determination of the pump laser pulse  
parameters

Figure 2 shows a cross section of the thirdorder crosscorrela
tion  function  of  a  highpower  femtosecond  laser  pulse.  The 
integral  characteristics  of  this  pulse  are  its  temporal  profile 
(recorded in a wide intensity range) and time contrast: the ratio 
of  the  peak power  to  the  power  of  the  nanosecond pedestal 
caused  by  the  processes  of  amplified  spontaneous  emission 
(ASE) in the active elements of amplifying laser cascades. As 
can be seen in Fig. 2, the contrast of 1240nm pulses is 107 in the 
range tdelay = ± 2 ps and at nanosecond delays, whereas in the 
time interval tdelay = ± 1 ps the laser pulse intensity is ~10–4 of 
maximum, with the laser pulse duration of 100 fs (FWHM).

The  spatial  energy  density  distribution  for  the  focused 
pump beam in the waist plane was estimated using the tech
nique reported in [21], according to which the squared radius 
of a crater formed on the target surface as a result of its abla
tion is a linear function of the logarithm of laser pulse energy. 
To this end, the metal target was temporarily replaced with a 
polished singlecrystal GaAs sample (craters on its surface can 
be distinguished well when the threshold value Fabl ~ 200 mJ cm–2 
is  exceeded). Figure  3a  shows  experimental  dependences  of 
the squared values of minor and major semiaxes of the abla
tion crater on the pump pulse energy. These dependences can 
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Figure 1. Schematic of timeresolved interference microscopy: ( 1 ) ter
awatt femtosecond laser system; ( 2 ) beam splitter; ( 3 ) secondharmon
ic generator; ( 4 ) polarisation attenuator; ( 5 ) glass wedge; ( 6 ) photodi
ode; ( 7 ) delay line; ( 8 ) telescope; ( 9 ) spatial filter; ( 10 ) set of neutral 
light filters;  ( 11 ) microlens;  ( 12 ) parabolic mirror;  ( 13 ) sample;  ( 14 ) 
vacuum chamber; ( 15 ) set of light filters; ( 16 ) CCD camera.
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Figure 2. Cross section of the thirdorder crosscorrelation function of 
a femtosecond pulse.
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be approximated well by a set of two straight lines with differ
ent slopes. This means that the spatial intensity distribution in 
the focal plane of the offaxis paraboloid is described by a set 
of two Gaussians with widths r01 and r02 (Fig. 3b).

This  spatial  distribution may  be  due  to  the  laser  beam 
wavefront aberrations caused by both the error in preparing 
the focusing element surface (which does not exceed, accord
ing  to  the manufacturer’s data, l/2 at l = 633 nm) and  the 
wavefront distortions in the laser source active elements. The 
practical  consequence  of  this  is  that  the  central  (strongly 
focused) part of elliptical laser spot, 24 ́  32 mm in size at the level 
of 1/е2, contains 95 % total pulse energy. This, in turn, means 
that the laser pulse energy must be 3.1 mJ to provide the laser 
beam intensity Imax = 1016 W cm–2 on the target surface.

4. Experimental results and discussion

The  change  in  the  phase Yind  of  a  probe  reflected  wave  is 
determined by the processes occurring on the target surface 
and depends on the pump pulse intensity; in general, it can be 
written as a sum of several terms:

Yind = Yoc + Yshift + Ypl,  (1)

where Yoc  is  the  accumulated  phase  difference  due  to  the 
change  in the optical constants of material as a result of  its 
melting; Yshift is the accumulated phase difference caused by 

the expansion of target material and the shift of plasma layer 
with a density on the order of critical, from which the probe 
pulse is reflected; and Ypl is the phase change due to the probe 
pulse  propagation  through  the  plasma  layer  of  subcritical 
density. The phase difference Yoc may have different signs: it 
is negative in semiconductors (e. g., in Si and GaAs), whereas 
in metals  it may  be  either  larger  (Au)  or  smaller  (W)  than 
zero. Figure 4a presents as an example  the  spatial distribu
tions  of  reflected  probe  pulse  phase Yind,  which  have  been 
obtained previously  in  interference microscopy  experiments 
at a fivefold excess of silicon and gold ablation thresholds and 
delays of 200 fs and 5 ps. The experiments performed in [22] 
showed that, at a delay time of 200 fs, one can derive informa
tion about the optical constants of a target from the data on 
the change in the amplitude and phase of its complex reflec
tion  coefficient  only  at  pump  pulse  intensities  lower  than 
2 ́  1013 W cm–2. At higher intensities the accumulated phase 
differences caused by the motion of the layer with critical den
sity  exceed  the phase differences  caused by a  change  in  the 
optical constants of target material: Yshift >> Yoc. The accu
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mulated phase difference Yoc, which is due to the change in 
the optical constants during laser irradiation of a Fe target, is 
positive: Yoc > 0 [23]. As can be seen in Fig. 4a, the experi
mental scheme provides also a positive value of phase differ
ence Yshift.  Taking  into  account  the  conclusions  of  [22]  for 
gold and  the  fact  that  the pump pulse  intensity used by us, 
Imax = 1016 W cm–2, exceeds the value reported in [23] by three 
orders of magnitude, one can suggest that Yoc << Yshift.

To reveal the physical meaning of the term Ypl , we dem
onstrate two cases of probe pulse reflection in Fig. 4b: prior to 
the pump pulse action (top) and during the expansion of the 
plasma formed on the target surface as a result of laser irradi
ation (bottom). In the former case the electron density profile 
has a stepwise shape, which corresponds  to  the  target – vac
uum interface. In the second case the probe radiation, being 
reflected off from the  layer with critical density, propagates 
through the plasma layer accumulating a positive phase dif
ference: Ypl > 0. Thus, all three terms in (1) are positive.

As was shown by us previously in [9], when determining 
the mechanism of fastelectron generation, a key issue is the 
spatial  scale  of  hydrodynamic  preplasma  expansion  by  the 
inst ant at which the pump pulse intensity is maximum. Pre
plasma can be formed as a result of ionisation of the vap our 
cloud  formed  by  the  target  evaporation  under  nanosecond 
ASE at the laser pulse front edge. To study the effect of the 
nanosecond ASE pedestal on the target surface, the changes 
in the phase Yind were also measured at negative delays tdelay. 
The zero instant (tdelay = 0) in this experiment was taken to be the 
time moment at which the maxima of intensity profiles of the 
pump and probe pulses coincide. At a time delay tdelay = – 2 ps 
the pump pulse intensity on the target surface is ~10–7Imax, a 
value lower than the ablation threshold for the target material.

Figure 5а presents the temporal profile of the pump laser 
pulse  intensity  in  the  time  interval  tdelay ± 3  ps.  The  dep
endence of the phse change on the complex reflection coeffi
cient on the time delay in the range of – 1.7 ps < tdelay < 1 ps 
is plotted in Fig. 5b. These experimental data show that the 
accumulated phase difference Yind is ~0.58 ± 0.12 rad at zero 
delay (tdelay = 0). The error in determining this value is condi
tioned by not only the accuracy of the technique used to pro
cess  Fourier  interference  patterns  but  also  by  the  error  in 

determining  the  zero delay, Dtdelay ± 60  fs, which  is  conditi
oned by the laser pulse duration.

Taking  into account  the above assumptions,  the  experi
mental estimate of the accumulated field difference Yind can 
be written as the sum of two terms:

Yind = Yshift + Ypl = 0.58 ± 0.12 rad.  (2)

Since each of the aforementioned values is nonnegative, one 
can state that the change in the phase Yshift caused by the pre
plasma spread is below 0.58 rad. The shift of the plasma layer 
with the critical density ncr = 2.9 ́  1021 cm–3 (for probe radia
tion with  a  wavelength  l  =  620  nm)  does  not  exceed  dz  = 
Yshift lprobe /4p < 29 nm  in  this case, and  the velocity of  the 
criticaldensity layer is ~105 m s–1. Note that the character of 
the plasma expansion (in particular, the sign of Yshift) may be 
fairly sensitive to the prepulse shape. The case of ‘good’ con
trast, where  the ablation  threshold  is obtained for  less  than 
1  ps  before  the  main  pulse  arrival,  was  considered  above. 
Under conditions of poor contrast, when the ablation thresh
old is obtained much earlier, the situation with the motion of 
a criticalplasma layer appears to be not so unambiguous.

The estimated characteristic scale of plasma spread, L = 
[(1/ne)(dne /dz)]–1 [6], corresponding to the change in the com
plex reflection coefficient phase, is also shown in Fig. 5b. The 
dne  value was  taken  to be  the difference between  the  initial 
and critical densities (for the probe wavelength l = 620 nm): 
dne = n0 – ncr (see Fig. 4b). The estimated shift of the critical
density layer was used as the dz value. This approach makes 
it possible to evaluate the plasma inhomogeneity scale only in 
the  linear  approximation,  i. e.,  on  the  assumption  that  the 
electron density changes linearly with an increase in the dis
tance  from the  target  surface. Thus,  the estimates based on 
the aforementioned assumptions showed that plasma with a 
characteristic inhomogeneity size L < 30 nm was formed on 
the target surface at the instant corresponding to maximum 
laser pulse intensity.

As was noted  in  [9],  the optimal  conditions  for  forming 
electrons  with  energies ~10  keV  to  generate  characteristic 
radiation  (provided by  the vacuum heating mechanism) are 
observed when  the plasma  inhomogeneity  size L  is  small  in 
comparison with the electron oscillation amplitude in the ele
ctric field of the laser radiation component oriented normally 
to the target surface. According to [8], the criterion here is the 
validity of the condition L /l < 0.1, which corresponds to the 
characteristic scale of plasma inhomogeneity L ~ 120 nm for 
an IR laser pulse. 

5. Conclusions

The formation and expansion of plasma as a result of the pro
cessing of a bulk iron target by pulsed radiation from a femto
second Cr : forsterite laser system at a wavelength of 1240 nm 
and pulse intensity Imax = 1016 W cm–2 with a time contrast of 
107 were experimentally investigated. Timeresolved interfer
ence microscopy was applied for the first time to estimate the 
characteristic  scale  of  preplasma  inhomogeneity.  On  the 
assumption  that  the  recorded  changes  in  the  phase  of  the 
probe wave  ref lected  from  the preplasma  layer with  critical 
density are determined mainly by the plasma expansion, the 
characteristic  scale of  inhomogeneity L  at  the  instant when 
the laser pulse intensity becomes maximum was found to be 
less  than 30 nm. The results obt ained  indicate  that vacuum 
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Figure 5. ( a )  Laser  pulse  temporal  profile  and  ( b )  the  dynamics  of 
change in the phase Yind of plasma complex reflection coefficient ( on 
the left ) and the characteristic scale of plasma density inhomogeneity L 
(on the right).
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heating may be the dominant mechanism of electron accelera
tion under our experimental conditions.
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