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Abstract.  The results of investigations into the generation of high-
order harmonics (up to the 21st order) of picosecond (t = 38 ps) 
Nd : YAG laser radiation in the plasma produced by laser ablation 
of metal and carbon-containing material surfaces are presented. 
We demonstrate the feasibility of generating high-order harmonics 
in the vacuum ultraviolet spectral range (with radiation wavelengths 
shorter than 120 nm) in plasmas with an efficiency of ~0.7 × 10–4. 
In carbon-containing plasma, the 7th harmonic intensity exceeded 
that of the 5th one by a factor of seven.

Keywords: high-order harmonic generation, picosecond radiation, 
laser plasma, metals, carbon-containing materials.

1. Introduction

The last two decades have seen intensive research in the area 
of high-order harmonic generation  (HOHG) of  laser  radia-
tion. The technical impetus to the pursuance of these investi-
gations was lent by the development and fabrication of high-
power radiation sources of femtosecond duration [1, 2]. The 
high radiation intensity achieved for relatively small dimen-
sions and simplicity of such laser sources has made it possible 
to radically  increase the maximum harmonic order and dis-
cuss practical applications of coherent short-wavelength radi-
ation  to  plasma  diagnostics,  biology,  microscopy,  photoli-
thography,  etc.  The  increase  in  generated  harmonic  order 
provides  a  promising  technique  for  producing  soft  X-ray 
radiation [3, 4], which furnishes an alternative to X-ray lasers 
and free-electron lasers [5, 6]. At present there exist two main 
methods of HOHG: in gaseous media and from the surface of 
a solid target. The former method, unlike the latter one, does 
not require ultrahigh light field intensities, and the intensity 
of laser radiation usually involved in this case does not exceed 
1015 W cm–2. HOHG in rare gases significantly broadened the 
spectral  range of obtainable  coherent  radiation, which now 
extends to the water transparency window (2.3 – 4.6 nm and 
below) required in biological research, and provided the basis 
for producing attosecond pulses [7].

However, despite  the diversity of duration and  intensity 
ranges of  the  laser radiation  involved  [8, 9],  the energy effi-
ciency  of  conversion  to  harmonic  radiation  remains  low 

(10–5 – 10–7).  In  the  framework  of  the  three-stage  model, 
according  to  the well-known  law  for  the  limiting  generated 
photon energy  [10] ћwb » I + 3Up  (here, I  is  the  ionisation 
potential, Up is the ponderomotive electron energy in the laser 
field),  for  the same  laser radiation  intensity  the short-wave-
length  bound may  be made  shorter  by  using media with  a 
higher ionisation potential. For this purpose, attempts were 
made to use particles with a high ionisation potential, plasma 
ions in particular [11 – 13]. Using plasmas opens far broader 
possibilities  for  varying  the  parameters  of  a  nonlinear 
medium, because plasma media are more numerous than the 
gaseous ones. In the initial experiments, however, attempts to 
raise  the  limiting harmonic photon energy and  improve  the 
HOHG  efficiency  did  not  meet  with  success.  More  recent 
investigations showed that it is expedient to employ low-tem-
perature and weakly excited plasmas as the nonlinear media 
for HOHG in the vacuum ultraviolet and soft X-ray ranges 
[14, 15]. Using plasmas  for  realising  the optimal  conditions 
enabled increasing the highest generated harmonic order (up 
to the 101st harmonic) as well as the HOHG efficiency under 
close-to-resonance conditions (up to ~10–4  in some spectral 
ranges)  [16,  17].  Despite  certain  successes  in  HOHG,  the 
energy efficiency of conversion to high-order harmonics nev-
ertheless remains at a level suitable only for diagnostic pur-
poses.  In  this  connection,  attempts  persist  to  develop  new 
techniques and find new media for raising the efficiency and 
energy of high-order harmonic radiation [18 – 20]. 

For the same HOHG efficiency, the harmonic energy den-
sity with the use of picosecond pulses is evidently higher than 
that with femtosecond laser radiation due to a higher energy 
of pulses in the former case. Furthermore, the relatively low 
cost  of  picosecond  facilities  is  conductive  to  the  practical 
application of these vacuum UV and soft X-ray sources. 

In the present work we investigated the efficiency of high-
order  harmonic  generation  for  picosecond  Nd : YAG  laser 
radiation  in plasmas produced by  laser ablation of  the  sur-
faces  of  some metals  and  carbon-containing materials. The 
parameters of the medium and laser radiation were optimised 
in order to maximise the energy density of harmonic radiation 
in  the  50 – 220-nm wavelength  range. We  also  analysed  the 
possibilities and mechanisms for improving the HOHG effi-
ciency in these media. 

2. Experimental facility

For  a  radiation  source  use was made  of  a  passively mode-
locked Nd:YAG laser (l = 1064 nm) which generated a train 
of 38-ps long pulses with a pulse repetition rate of 1.5 Hz (Fig. 1). 
Upon extraction of a single pulse and its amplification in two 
amplifiers,  the  radiation was  split  into  two  parts.  The  first 
part of the radiation (with a pulse energy of ~5 mJ) was used 
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as a heating pulse and was directed via a focusing lens to 
the surface of a target located in a vacuum chamber. The 
highest intensity of the heating pulse in use was equal to 
~1011  W  cm–2. After a certain time delay, the second part 
of  the  laser  pulse  (the  probe  pulse  with  an  energy  of 
28  mJ) was focused, parallel to the target surface, into the 
plasma plume. The peak intensity of the probe pulse was 
equal to 4 ´ 1013 W cm–2. To determine the optimal time 
delay between the pulses, we investigated the efficiency of 
HOHG  for  different  delays  in  the  5 – 150-ns  range.  The 
radiation  of  the  probe  pulse  and  high-order  harmonics 
were separated in a VMR-2 vacuum monochromator. The 
harmonic radiation in the 50 – 300-nm range was recorded 
with  a  scintillator  (sodium  salicylate,  SS)  and  a  photo-
multiplier (PM). 

The targets were plates of size 5 ´ 5 ´ 2 mm. For a target 
material,  use  was  made  of  different  metals  (copper,  chro-
mium, zinc, molybdenum, titanium, tin, lead, tantalum, man-
ganese, gold, silver, boron, and aluminium) as well as of car-
bon-containing materials (graphite, vitreous carbon, pyrolitic 
graphite, boron carbide,  silicon carbide, and a pencil  core). 
To  change  the  target  position  and  accordingly  the  probing 
radiation – plasma  interaction  region  relative  to  the  target 
plane, use was made of a three-dimensional manipulator. 

3. Plasma emission spectra

Important  information  about  plasma  parameters  can  be 
gained by  analysing  its  emission  spectra. Below we  analyse 
the time-averaged plasma emission spectra of different metals 
and carbon-containing materials employed for HOHG in the 
propagation of  the picosecond probe  radiation  through  the 
plasma plume. These investigations were aimed at determin-
ing  the  optimal  conditions  for  the  production  of  plasma 
objects  in  order  to  maximise  the  HOHG  efficiency.  The 
atomic and ionic emission spectra of the laser plasmas were 
analysed  in  the  visible  and  UV  ranges  (300 – 700  nm).  An 
HR4000  fibre  spectrometer  was  employed  to  record  the 
plasma emission spectra. 

Figure 2a shows the emission spectrum of the plasma pro-
duced on the surface of a zinc plate, which corresponds to the 
‘optimal plasma’ production conditions (from the standpoint 
of maximising the efficiency of HOHG). To this end, we max-
imised the harmonic efficiencies in the 80 – 200-nm range and 
then  determined  the  spectral  characteristics  of  the  laser 
plasma produced under  these conditions. One can see  from 

the figure that the recorded spectral lines arise primarily from 
transitions  between  the  states  of  neutral  atoms  and  singly 
charged ions. 

In the irradiation of the metals, increasing the intensity of 
the heating pulse above 1011 W cm–2 resulted in an increase of 
the  emission  intensity  of  neutral  atoms  and  singly  charged 
ions and in spectra broadening as well as in the emergence of 
new  spectral  lines  inherent  in higher-multiplicity  ions. As  a 
result of the changes in the plasma composition, the HOHG 
efficiency  significantly  lowered  in  practically  all  plasma 
objects under study. The spectra of plasma emission at a high 
intensity of the heating pulse are shown in Figs 2b and 2c. The 
solid and dotted lines correspond to the weak and strong tar-
get  excitations.  Also  evident  are  structural  changes  in  the 
spectra and changes in the radiation intensity of the plasma 
produced on the surface of manganese and graphite targets. 

The ionisation potentials of the atoms and singly charged 
ions of carbon are higher than the ionisation potentials of the 
metals and are equal to 11.25 and 24.38 eV, respectively. In 
the case of optimal graphite ablation, the carbon plasma con-
sists almost completely of neutral atoms and singly charged 
ions, which is borne out by our measurements of the emission 
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Figure 1. Schematic of the experimental facility: 
(PP) picosecond probe radiation;  (HR) picosecond heating radiation; 
(M) mirror;  (FL)  focusing  lenses;  (VC)  vacuum  chamber;  (T)  target; 
(VM) vacuum monochromator; (DG) diffraction grating; (SS) sodium 
salicylate; and (PM) photomultiplier.
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Figure 2. Emission spectra of zinc (a), manganese (b), and graphite (c) 
plasmas.
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spectra  in  the  visible  and UV  ranges  (Fig.  2c).  This  figure 
shows  the  spectral  lines  typical  for  the majority  of  carbon-
containing materials used in our study, which arise from tran-
sitions between the states of C I and C II. Also observed in the 
spectra were the excited states of C2. 

Our subsequent  investigations showed that the excessive 
plasma excitation in the course of laser ablation is responsible 
for a drastic lowering of HOHG efficiency for the majority of 
plasma objects; however, in individual cases this can result in 
an increase in the highest harmonic order. 

4. Optimisation of HOHG in plasma

In  the  first  series  of  experiments  we  analysed  the  effect  of 
probe  radiation  polarisation  on  the  efficiency  of  HOHG. 
Figure 3 shows the intensities of the 5th and 7th harmonics as 
functions of the rotation angle of a quarter-wave plate, which 
changed the polarisation of the probe radiation from a linear 
polarisation (for 0°) to a circular one (for 45°). A small devia-
tion from the linear polarisation resulted in a significant low-
ering  in  the  intensity  of  harmonic  radiation.  In  the  case  of 
circularly  polarised  radiation,  the  harmonic  radiation  van-
ished, which corresponds to the theory of harmonic genera-
tion in isotropic media [21]. 

To  optimise  the HOHG, we  analysed  several  harmonic 
properties  in  the  plasma  produced  by  laser  ablation.  An 
important parameter of HOHG optimisation is the time delay 
between the heating pulse and the probing one. Figure 4 dis-
plays the typical dependences of the intensity of a harmonic 
on  the  time delay between  these pulses  for  carbon, manga-
nese,  and  lead plasmas. Early  in  the plasma  formation and 
expansion  from  the  target  surface,  the  particle  density  (the 
density of neutral atoms and singly charged ions) in the zone 
of interaction with the probing radiation was not high enough, 
because the plasma particles did not manage to reach the axis 
of  probing  radiation  propagation,  which  was  spaced  at 
~100  mm from the  target  surface. When  the  time delay was 
made equal to the time taken for the plasma particles to reach 
the  interaction  zone,  the HOHG  efficiency  became  higher. 
The subsequent lengthening of the time delay resulted in the 
saturation of HOHG and eventually in a lowering of the effi-
ciency for long time delays. 

An analysis of Fig. 4 suggests that the optimal time delays 
are  different  for  different  plasmas:  for  the  C, Mn,  and  Pb 

plasmas they were equal to 25, 30, and 90 ns, respectively. The 
difference in time delay arises from the difference in the initial 
velocity of  the particles of different  elements. According  to 
the  hydrodynamic  plasma  evaporation  model  with  gas-
dynamic boundary condition  [22],  the  initial velocity of  the 
particles  is  defined by  their mass,  their binding  energy  in  a 
solid,  the  Debye  frequency,  and  the  absorbed  intensity  of 
laser  radiation.  In  the  framework  of  this model,  the  initial 
velocity of atomic lead particles is lowest among the investi-
gated materials for the same absorbed intensity of laser radia-
tion. Therefore, efficient HOHG in lead will be observed for a 
longer  time  delay  between  the  heating  and  probe  pulses  in 
comparison  with  targets  made  of  materials  with  a  lower 
atomic number. The highest  initial velocity and accordingly 
the shortest time delay must take place in aluminium plasmas. 
Therefore, the optimal time delay may shorten with increase 
in the intensity of the heating pulse. However, the degree of 
plasma excitation increases in this case. Under the conditions 
of strong excitation, in the majority of plasmas investigated in 
our work we observed only a  limited number of harmonics 
with lower conversion efficiencies. 

We measured the dependence of HOHG efficiency on the 
energy of  the heating pulse  for  the  same dimensions of  the 
beam waist at the target surface (~500 mm) (Fig. 5). In par-
ticular, the 5th harmonic signal generated in the Mn plasma 
was observed to decrease when the energy of heating pulses 
exceeded 1.5 mJ (Fig. 5a). In the lead plasma, we observed a 
lowering of 11th harmonic signal when the energy exceeded 
3 mJ,  which  corresponds  to  an  intensity  of  1011 W  cm–2 

(Fig. 5b). In the plasma generated at the surface of pyrolitic 
graphite, the 7th harmonic signal lowered when the energy of 
heating pulses exceeded 6.5 mJ (Fig. 5c). A common feature 
of these dependences is a sharp lowering of harmonic inten-
sity when the surface is irradiated by a heating pulse with an 
energy exceeding a certain level. The reason lies with excessive 
plasma excitation, which is responsible for the emergence of 
free  electrons  and multiply  charged  ions  and  to  the  corre-
sponding phase mismatch between the probing radiation and 
harmonic waves. This effect is more significant for the genera-
tion of low-order harmonics. It is noteworthy that a lowering 
of  the  efficiency  of  laser  frequency  conversion  in  a  highly 
excited  plasma  was  earlier  observed  for  harmonics  of  far 
higher  orders  [23],  although  the  efficiency  lowering  was 
smaller than in the present investigation. 
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5. High-order harmonic distribution

A common feature of practically all spectral dependences of 
the harmonics generated in excessively excited metal plasmas 
was a characteristic lowering of the conversion efficiency – a 
sharp  lowering  for  low-order harmonics  and a  gradual one 
for higher-order (above the 9th) harmonics, up to the short-
wavelength bound (~50 nm, the 21st harmonic) of the mono-
chromator operating  range. Figure  6  shows  typical HOHG 
spectra  recorded  from Sn, Cr, Al, and C plasmas. The effi-
ciency of HOHG in Sn and Cr plasmas was respectively high-
est and lowest throughout the spectral harmonic distribution 
range  (Figs 6a and 6b)  in comparison with other materials. 
We emphasise that, despite significant dissimilarity of materi-
als, the majority of investigated plasmas exhibited compara-
ble efficiency values. 

Although the majority of plasma did exhibit similar prop-
erties in the course of HOHG, in some materials we observed 
nontrivial  spectral  harmonic  distributions.  In  particular,  in 
some instances no harmonics above the 9th one were gener-
ated within the detection range. For instance, this behaviour 
was exhibited by the plasma produced on the surface of alu-
minium (Fig. 6c). 

The absolute conversion efficiency was measured by the 
following  technique.  At  the  first  stage,  a  recording  system 
‘monochromator + sodium salicylate + PM’ was used to mea-
sure  the  signal  of  the  4th  harmonic  (with  a  wavelength  of 
266  nm) with a known energy, which was generated in nonlin-
ear crystals. This enabled calibrating the recording system for 
harmonics  in  this  spectral  region.  Since  the  luminescence 
quantum  efficiency  of  sodium  salicylate  is  constant  over  a 
broad spectral range (30 – 350 nm), calibrating the recording 
system  in  the  266-nm  region  permitted  us  to  calculate  the 
absolute conversion efficiencies  for higher-order harmonics. 
The  conversion  efficiencies  for  plasmas  generated  on  the 
metal surfaces are collected in Table 1. 

Figure 6d shows the harmonic distribution for the plasma 
generated on the surface of graphite, which is typical for the 
carbon-containing materials under study. An interesting fea-
ture of the observations is the relatively high generation effi-
ciency of the 7th harmonic, which prevails over the remaining 
ones. This efficiency is significantly (four – eight times) higher 
than  the  generation  efficiency  of  the  lower,  5th,  harmonic, 
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Figure 5. Optimal  energy of  the heating pulse  in manganese  (a),  lead 
(b), and graphite (c) plasmas. 
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Table 1. Conversion efficiencies in metal plasmas (´ 10–6).

Harmonic   Wavelength/  Sn  Zn  Mn  Ti  Cu  W  Au  B  Ta  Ag  Cr  Mo  Si  Al
number  nm

5  213  100  80  80  70  46  46  40  40  26  20  20  4.2  3.83  6 
7  152  66  66  20  20  33  40  33  13  10  16  7.1  3.8  1.75  2.59 
9  118  66  53  10  12  15  38  26  3  3  10  3.8  2.5  1.75  1.33 
11  97  53  40  6.6  6.6  13  33  20  1.3  1.8  6.6  3.8  2.1  0.91   
13  82  26  4  2.1  4.6  2.5  7  1.8  1  0.9  2.6  1.3  0.9  0.91   
15  71  16  4  1.75  3.3  0.9  5  1.3    0.9  1.3  0.9       
17  63  6  1.7  1.3  2.1  0.9    1.3    0.9  1  0.9       
19  56  6  1.7  1.3  2.1  0.83    0.9    0.75  1  0.9       
21  51  4  1  1.3  2.1  0.75    0.9    0.75  1  0.9     
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beginning with the minimal (7 ´ 1012 W cm–2) probe radiation 
intensity  whereby  the  harmonic  signals  are  safely  recorded 
and ending with  the highest  intensity  (4 ´  1013 W cm–2).  In 
particular, in the pyrolitic graphite plasma at probing radia-
tion intensities of 1.2, 2.5, and 3.7 ´ 1013 W cm–2 the 7th-to-5th 
harmonic  signal  ratio was  equal  to  5.5,  4.5,  and 8.3,  respec-
tively. In this case, in the intensity range under investigation the 
dependence of the 7th harmonic signal on the probing radia-
tion intensity was close to a quadratic power law. Beginning 
with  1013 W  cm–2,  the  exponent  lowered  to  unity,  but  it 
increased  in  the  range  from 2.5  to  3 ´  1013  W  cm–2;  subse-
quently it lowered with increase in probing radiation intensity 
once again. The dependence of the 5th harmonic signal on the 
probing radiation intensity was also close to a second-order 
power law, whose exponent lowered when the probing radia-
tion intensity exceeded 2 ´ 1013 W cm–2. Therefore, the depen-
dences of the 5th and 7th harmonic intensities on the probing 
radiation intensity exhibit saturation, which markedly distin-
guishes them from the traditional power law dependences of 
the 5th and 7th harmonic signals. 

According to the ordinary perturbation theory, which is 
valid when the field  intensity  is  lower than the  intra-atomic 
field, the intensity of each next-in-order harmonic should be 
lower in intensity than the previous one [21]. The signal of the 
7th harmonic was nevertheless observed to be higher than the 
5th harmonic signal in practically all carbon-containing mate-
rials (Fig. 7). An exception was provided by the plasma gener-

ated on the surface of boron carbide (Fig. 7f). Another special 
feature of HOHG in the plasmas of carbon-containing mate-
rials is the relatively low signal of the 5th harmonic relative to 
the 9th one. Possible reasons for this behaviour are discussed 
below. The efficiencies of HOHG in the plasmas produced on 
the  surface  of  carbon-containing  materials  are  collected  in 
Table 2. 

6. Discussion of results

Our  investigations  have  demonstrated  high  efficiencies  of 
radiation conversion to  low-order harmonics, which creates 
the necessary prerequisites for the development of a high-effi-
ciency coherent radiation source in the 100 – 200-nm spectral 
range. Metals like Sn, Zn, Mn, and Ti are better suited for the 
production of higher efficiencies of picosecond radiation con-
version.  In  several  materials  the  measured  7th  harmonic 
(152  nm)  generation  efficiencies  amounted  to ~10–4.  In  Sn 
plasmas the efficiency of conversion to the 11th harmonic (97 
nm) was only two times lower and amounted to ~0.5 ´ 10–4. 
We note that in the remaining materials, too, the efficiencies 
of conversion to harmonics ranging from the 13th to the 21st 
ranged from 10–5 to 10–6. 

The  efficiency  of  radiation  conversion  in  the  plasma  of 
carbon-containing materials was approximately one order of 
magnitude lower than in the plasmas produced on the surface 
of metals. The exception was provided by the 7th harmonic, 

Table 2. Conversion efficiencies in plasmas of carbon-containing materials (´ 10–6).

Harmonic  Wavelength/  Sn  Zn  Mn  Ti  Cu  W  Au  B  Ta  Ag  Cr  Mo  Si  Al
number  nm

5  213  100  80  80  70  46  46  40  40  26  20  20  4.2  3.83  6 
7  152  66  66  20  20  33  40  33  13  10  16  7.1  3.8  1.75  2.59 
9  118  66  53  10  12  15  38  26  3  3  10  3.8  2.5  1.75  1.33 
11  97  53  40  6.6  6.6  13  33  20  1.3  1.8  6.6  3.8  2.1  0.91   
13  82  26  4  2.1  4.6  2.5  7  1.8  1  0.9  2.6  1.3  0.9  0.91   
15  71  16  4  1.75  3.3  0.9  5  1.3    0.9  1.3  0.9       
17  63  6  1.7  1.3  2.1  0.9    1.3    0.9  1  0.9       
19  56  6  1.7  1.3  2.1  0.83    0.9    0.75  1  0.9       
21  51  4  1  1.3  2.1  0.75    0.9    0.75  1  0.9     
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Figure 7. 5th, 7th, and 9th harmonic intensity distributions in the plasmas of carbon-containing materials – graphite (a), vitreous carbon (b), pyro-
litic graphite (c), pencil core (d), silicon carbide (e), and boron carbide (f).
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whose  generation  efficiency  was  comparable  to  that  in  the 
metal plasmas. The relative increase in the 7th harmonic sig-
nal and the lowering of the 5th harmonic signal may be caused 
by absorption of the latter. However, an earlier analysis dem-
onstrated the absence of absorption in carbon at the 5th har-
monic wavelength  ( l = 213 nm)  [24], which  should prevent 
the  relative  lowering  of  its  signal. We  note  that  the  depen-
dence of harmonic signals on the probing radiation intensity 
saturated and did not correspond to the power law with expo-
nent of the order of the harmonic number. 

A change of  the nonlinear  response at  certain  radiation 
frequencies is possible due to resonance transitions in atoms 
and  ions.  Carbon  atoms  and  ions  have  several  transitions 
with wavelengths close to the wavelength of the 7th harmonic 
( l = 152 nm) of Nd : YAG laser radiation. Among them are: 
2s2 2p2 1D –   2s2 2p  3d1D0  (C I,   l  =  148.2  nm),  2s2 2p2 3P – 
2s 2p3 3D0 (CI, l = 156.0 nm), and 1s2 2s1 2S – 1s2 2p 2P0 (CIV, 
l  =  154.8  nm)  [24].  In  early  works  on  the HOHG  at  low-
order nonlinearities, an intensive study was made of the use 
of atomic resonances to improve the efficiency of laser radi-
ation conversion (see, for instance, paper [21] and references 
therein). In particular, it was shown that the 5th harmonic 
signal exceeded that of the 3rd harmonic of 266-nm radia-
tion (the 4th harmonic of Nd:YAG laser radiation) in helium 
due to the increase in fifth-order nonlinearity close to reso-
nance [25]. A theoretical analysis of the feasibility of realis-
ing resonance conditions for HOHG in a plateau region in 
gas  media,  which  was  performed  during  the  last  decade, 
revealed  that  this  technique  shows  promise  for  improving 
the  efficiency  of  harmonic  generation  [26 – 30].  However, 
experimental  research  aimed  at  realising  the  resonance 
enhancement  of  harmonics  in  gas media  did  not  bear  out 
this possibility. 

A much wider (in comparison with gases) choice of plas-
mas  makes  plasma  media  more  promising.  Even  the  first 
investigations in these media, which were performed with dif-
ferent targets under optimised excitation, showed a rise in the 
efficiency  of  generation  for  individual  harmonics  near  the 
resonance transitions of these materials [31 – 33]. In particu-
lar, observed in indium plasmas was a significant (200-fold) 
increase in intensity of the 13th harmonic (l = 61 nm) of fem-
tosecond Ti : sapphire laser radiation (l = 790 nm), which was 
caused by the effect of a strong transition to an autoionisation 
state [31]. To confirm the influence of resonance transitions, 
use was made of wavelength  tuning of  the broadband  laser 
radiation or of a variation of the pulse chirp. However, this 
technique  is  not  applicable  in  the  case  of  narrow-band 
Nd : YAG laser radiation. 

Recent  attempts  undertaken  to  provide  a  theoretical 
explanation for the observed experimental results, namely the 
increase  in  intensity  of  a  single  harmonic  under  resonance 
condition [34 – 40], showed that the efficiency of HOHG by a 
single atom or  ion  is  substantially higher near  resonance  in 
the framework of the three- and four-stage models as well as 
of  the model  involving  a  superposition of  resonance  states. 
The resultant increase in individual harmonic efficiencies was 
close to experimental data. As shown in Ref. [35], the influ-
ence of autoionisation states on phase matching may lead to 
an  efficient  enhancement  of  the  21st  harmonic  in  calcium 
plasmas and its efficiency of ~10–3. Therefore, the growth of 
efficiency under resonance conditions depends heavily on the 
nonlinear interaction of the waves in the course of their prop-
agation as well as on the variation of response of an individ-
ual particle. 

Below  we  estimate  the  contributions  of  the  resonance 
enhancement  of  nonlinear  susceptibility  and  the  nonlinear 
wave interaction in the framework of the perturbation theory 
(in our case,  the maximum amplitude of  the  laser  field was 
~30 times lower than the intra-atomic field of carbon atoms). 
As discussed above, the nonlinear medium consists primarily 
of neutral atoms and singly charged carbon  ions. The pres-
ence of free electrons also increases the level of variability of 
the  parameters  of  the  plasma  medium.  Carbon  atoms  can 
reside  in  singlet  and  triplet  states.  According  to  estimates 
made proceeding from an analysis of transitions from the ini-
tial ground state of carbon atoms, the ratio between the abso-
lute  values  of  the  7th  and  5th  order  nonlinearities  r = 
| c(7)/ c(5)|, which are responsible for the harmonics generation, 
does not exceed 7 ´ 10–12 CGSE units. In the calculation of 
nonlinearities  based  on  well-known  expressions  (see,  for 
instance, Ref.  [21]),  the values of  transition frequencies and 
oscillator strengths were borrowed from the tables of Ref. [24]; 
to avoid uncertainty in the sign of the corresponding matrix 
element  of  the  dipole  moment  operator,  we  included  only 
even combinations for transitions between atomic and ionic 
states.  Estimates  showed  that  owing  to  proximity  to  reso-
nance conditions  (for  carbon atoms  the mismatch  from the 
seven-photon  resonance was  equal  to ~1690  cm–1  both  for 
the  triplet  state and the singlet one)  the seventh-order reso-
nance  nonlinearity  exceeded  the  nonresonance  nonlinearity 
by a factor of ~10. We made estimates of harmonics intensity 
change, using  relations borrowed  from Refs  [14,  21], under 
the conditions whereby the diffraction probing beam length 
exceeded the plasma dimension. The effect of phase mismatch 
was neglected. Assuming the above nonlinearity ratio r and a 
peak probing radiation intensity I = 7 ´ 1012 W cm–2, the 7th-
to-5th harmonic intensity ratio g = I7/I5 did not exceed 3 ́  10–2. 
Therefore, estimates for a single carbon atom suggest that the 
5th harmonic intensity should exceed the 7th harmonic inten-
sity in the pump intensity range under investigation. 

For the 7th harmonic signal to exceed the 5th one at an 
intensity I = 0.7 ´ 1013 W cm–2, the ratio r must be higher by 
one order of magnitude. This  is possible, as  follows  from a 
comparison of calculated and experimental high-order non-
linearity values. However, as the probing radiation intensity 
increases  to  its maximum  value  (I  =  4 ´  1013 W  cm–2)  the 
intensity ratio must increase by a factor of ~35, which was not 
observed in the experiment. The signals both of the 5th and of 
the  7th harmonics  saturated with  increasing probing  radia-
tion intensity. 

Let us consider the processes which may lead to a change 
and saturation of the efficiency of harmonic generation in the 
nonlinear wave interaction. The values of the phase mismatch 
Dkq = kq – k1 (here, kq is the qth harmonic wavenumber) for 
the 5th and 7th harmonics are positive  for carbon  ions and 
carbon atoms in the ground singlet state. The phase mismatch 
due  to  the  electron  gas  is  also  positive.  Consequently,  the 
total phase mismatch in the plasma should be positive in this 
case. The phase mismatch for the 7th harmonic due to carbon 
atoms residing  in  the  initial ground triplet  state  is negative. 
An  addition  of  5 %  of  the  electron  gas  and  carbon  ions  is 
capable  of  phase matching  the  7th  harmonic  to  the  funda-
mental radiation in this medium. At the same time, the phase 
mismatch Dk5 for the 5th harmonic increases. For large mis-
matches the dependences of harmonic intensities on the length 
of the medium assumes an oscillatory character, and the sig-
nal of the 5th harmonic may be suppressed and may become 
lower than the 7th harmonic signal. According to our calcula-
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tions, for a plasma length of 0.5 mm this situation takes place 
when the density of carbon atoms residing in the ground trip-
let state is equal to 1.2 ´ 1019 cm–3, which is one order of mag-
nitude higher than the estimated plasma density. 

The effect of linear phase mismatch Dkq does not change 
the power-law dependence of harmonic signals on the prob-
ing radiation intensity. Under resonance conditions, its satu-
ration may be caused by the Stark shift of the resonance level 
or the saturation of the resonance transition. However, when 
the detuning from resonance is equal to 1690 cm–1 these fac-
tors can hardly play a significant role. Under nonresonance 
conditions,  the  saturation  and  the  subsequent  oscillations 
may  arise  from Kerr  nonlinearities,  i.e.  from  the  intensity-
dependent change of the refractive index of the medium at the 
fundamental  and  harmonic  frequencies.  Estimates  of  the 
Kerr  nonlinearities  made  on  the  basis  of  the  data  of 
Refs  [21,  41]  suggest  that  for  carbon  atoms  residing  in  the 
ground singlet state the nonlinear phase mismatches for the 
7th and 5th harmonics are of the same sign, while for the trip-
let  state  they are opposite  in  sign and  somewhat  smaller  in 
absolute value. In the latter case the nonlinear mismatch for 
the 7th harmonic compensates for the linear mismatch due to 
the  free  electrons.  In  this  connection,  in  the  vicinity  of  the 
plasma density in use [(1 – 2) ´ 1018 cm–3], and when the ratios 
of the triplet atomic state density to the singlet atomic state 
density  and  to  the  density  of  singly  charged  ions  (and  free 
electrons)  are  equal  to  about  0.3,  there  exists  a  relatively 
broad  range  of  medium  parameters  whereby  the  7th  har-
monic intensity exceeds the 5th one. In this case, the nonlinear 
phase shift is responsible for the saturation of both harmonic 
signals. 

It is noteworthy that the nonlinear phase mismatch for the 
9th harmonic which arises from carbon atoms residing in sin-
glet  and  triplet  ground  states  is negative. This  compensates 
for the phase mismatch which arises from the free electrons 
and makes it possible to enhance the 9th harmonic signal rela-
tive to the 5th one. 

Our  estimates  also  confirmed  the  picture  of  HOHG 
observed in the plasma which was generated on the surface of 
boron  carbide.  In  comparison  with  carbon,  a  boron  atom 
exhibits  much  greater  nonlinearities,  which  are  responsible 
both for harmonic generation and for variations of the refrac-
tive  index.  Considering  that  the  atomic  binding  energy  of 
boron carbide is higher and, consequently, the density of laser 
plasma  is  lower, and that  the number of atoms and  ions of 
boron is four times greater than that of carbon, the character 
of nonlinear interaction and the efficiency of HOHG must be 
quite different.

Recall that one of the first observations of HOHG (up to 
the 21-order harmonics) in gases, which stimulated interest in 
this area of nonlinear optics, was also made using Nd : YAG 
laser radiation with an intensity of 3 ´ 1013 W cm–2 [1]. Our 
investigations  showed  that  using  plasmas  produced  on  the 
surfaces  of  different  targets  as  the  nonlinear  medium  can 
improve the technique of generating coherent radiation in the 
vacuum ultraviolet,  in  particular  due  to  a  higher  energy  of 
picosecond probe radiation in comparison with femtosecond 
lasers and a wider choice of target materials. 

7. Conclusions

In the present work we outlined experimental data on the gen-
eration of high-order harmonics of relatively long pulses (in 
comparison with those employed earlier) of moderate-inten-

sity laser radiation in plasmas produced by simple laser abla-
tion  of metal  and  carbon-containing material  surfaces. We 
demonstrated  that  the  frequency  of  picosecond  Nd : YAG 
laser radiation can be efficiently converted in metal plasmas 
to high-order harmonics with a high energy of pulses in the 
50 – 220-nm  spectral  range.  In  particular,  the  efficiency  of 
conversion to the 11th harmonic ( l = 97 nm)  in tin plasma 
was equal  to ~0.5 ´  10–4. For  the majority of plasmas,  the 
conversion efficiency for harmonics ranging in order from 13 
to 21 was equal to ~10–5 – 10–6. An interesting feature of these 
investigations consisted in that the observed 7th harmonic ( l 
= 152 nm)  intensity exceeded the 5th one  in  the plasmas of 
carbon-containing materials.  It was  shown that a nonlinear 
phase mismatch  in  the carbon plasma  is responsible  for  the 
saturation of harmonic signals and makes the 7th harmonic 
stronger than the 5th one over a broad range of laser radia-
tion intensities, plasma densities, and plasma compositions.
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