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Abstract.  Nonlinear effects in a high-power laser amplification sys-
tem based on thin-rod active elements are experimentally investi-
gated. It is shown that the most important nonlinear effect is the 
Kerr effect leading to self-focusing and self-phase modulation of 
laser radiation. The observed luminescence in Yb : YAG crystals in 
the visible region of the spectrum is caused by the charge transfer 
luminescence effect, which, in turn, is due to multiphoton absorp-
tion of laser radiation. Second-order nonlinearity in the crystal is 
used to effectively convert femtosecond pulses to second harmonic 
and sum-frequency waves which exhibit radiations of green and UV 
spectra.

Keywords: nonlinear phenomena, thin rods, Yb : YAG, Kerr effect, 
self-focusing, self-phase modulation, femtosecond laser pulses, high 
power laser system.

1. Introduction

Various nonlinear optical effects play a very important role in 
the generation and amplification of ultrashort laser pulses, as 
well  as  in  the  transformation of  their  frequency and  space-
time structure. The second and third-order nonlinear optical 
properties give rise to a large variety of optical phenomena. 
The second-order susceptibility is responsible for second har-
monic generation, sum and difference frequency generation, 
optical  rectification,  Pockels  effect,  and  optical  parametric 
amplification. The  third-order  optical  nonlinearities  govern 
third-harmonic  generation,  optical  Kerr  effect,  four-wave 
mixing, Raman  scattering,  Brillouin  scattering,  and  optical 
phase conjugation [1, 2].

Many of these effects are fully manifested in laser systems 
with  a  high  peak  radiation  power  and  an  ultrashort  pulse 
duration.  Recently,  the  attention  of  researchers  has  been 
attracted by laser systems based on thin-rod active elements 
[3 – 5]. These lasers, in which Yb : YAG is the active medium, 
are  capable  of  operating  at  high  pulse  repetition  rates  and 
high peak and average powers, which makes them attractive 
for a variety of applications. This paper presents the results of 
a  study  of  various  nonlinear  effects  in  a  femtosecond  laser 

system based on thin-rod Yb : YAG active elements [6, 7]. The 
following effects are considered: self-focusing by the Kerr lens 
effect,  spectral  broadening  by  self-phase  modulation,  and 
charge transfer luminescence by multiphoton absorption. The 
results of research on the frequency conversion of femtosec-
ond pulses using quadratic nonlinear media are presented.

2. Kerr effects and charge transfer luminescence 
with a Yb : YAG thin-rod fs amplifiers

Ytterbium-doped YAG is one of the most widely used crys-
tals  for high-power  femtosecond  lasers and amplifiers. This 
choice is due to its beneficial optical performance (e.g., good 
thermal conductivity and wide emission cross-section), which 
can  be  used  specially  for  generation  and  amplification  of 
ultrafast pulses. For ultrashort pulse amplification, a thin-rod 
with a diameter less than 1 mm and a typical length of a few 
centimetres provides several advantages. These  include sim-
ple, robust, and cost-effective use, along with high energy per-
formance [3 – 5]. 

We  recently  developed  a  three-stage  thin-rod  amplifier 
(TRA)  system  based  on  a  Yb : YAG  crystal  with  chirped-
pulse  amplification  (CPA)  [7].  Femtosecond  pulses  were 
directly  amplified  to  a  100 W  average  power  with  a  0.25 – 
1 MHz repetition rate and a pulse duration below 950 fs. The 
peak  power  was  limited  by  nonlinear  effects,  such  as  self-
focusing,  due  to  pulse  confinement  in  a  small  cross-section 
element. Even though the pulses were prolonged to 50 ps, the 
thin-rod  active medium was  damaged  at  an  approximately 
5 MW peak power. Crystal  damage  through dramatic  self-
focusing  can  happen  if  the  length  of  the  active  medium  is 
greater than the critical self-focusing length zsf, calculated as 
shown below:
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where d is the beam diameter; l is the wavelength in free space; 
Pp is the peak power of the pulse; Pcr is the critical power of a 
nonlinear  medium;  and  q  is  the  beam  divergence  [1,  8]. 
Because  the  length of  a  thin-rod  type  laser medium  is  rela-
tively  long  compared  to  that  of  the  bulk  crystal,  it  is  very 
important to understand the nonlinear phenomena occurring 
in this nonlinear medium. 

In this section, we present the results of an experimental 
study of several nonlinear phenomena observed  in a  femto-
second laser system based on a Yb : YAG thin-rod crystal and 
related to third-order nonlinearity. These nonlinear phenom-
ena  include,  for  example,  self-focusing,  self-phase  modula-
tion, and multiphoton absorption. To maximise the nonlin-
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earity that can occur in the thin rod, the system was config-
ured without using the CPA technique and the pulse energy 
was increased by reducing the pulse repetition rate. The non-
linear threshold at which self-focusing becomes serious due to 
the Kerr-lens effect was measured experimentally and com-
pared with critical power and the B-integral. The broadened 
spectra that resulted from the self-phase modulations are dis-
cussed qualitatively, and phenomena revealed by an investi-
gation  of  charge  transfer  (CT)  luminescence  generated  by 
multiphoton absorption are considered. 

The optical configuration of a laser system including two 
amplification stages based on a Yb : YAG thin rod is shown 
schematically in Fig. 1. The system is composed of a master 
oscillator (MO), a pulse picker based on a Pockels cell, a first 
amplification stage (operated in a double-pass scheme), and a 
second amplification  stage  (with a  single-pass  scheme). The 
master oscillator based on Yb : KGW provides 150 fs pulses at 
a repetition rate of 80 MHz with an average power of 2.6 W 
and a spectral width of 7.6 nm (FWHM) centred at a wave-
length of 1030 nm. The pulse repetition rate is maintained in 
the range from 250 kHz to 80 MHz using a Pockels cell based 
on a BBO crystal operating in a double-pass regime. 

The first amplifier operated in a double-pass scheme with 
a quarter-wave plate is based on a Yb : YAG thin-rod crystal 
(Shasta)  with  a  2.5  at. %  doping  rate,  1 mm  diameter,  and 
15 mm  length.  It was developed at  the  Institute of Applied 
Physics of the Russian Academy of Sciences (IAP RAS). The 
second  amplifier  (with  single-pass  operation)  is  based  on  a 
2  at. % Yb : YAG  thin  rod with  a  diameter  of  1 mm and  a 
length of 19 mm. 

Both  amplifiers were  end-pumped with  a  105 mm  fibre-
coupled laser diode (JDSU) with a maximum output power of 

150 W at 940 nm. The pump beam and the seed beam were 
focused to a spot with ~300 mm diameters inside of the thin-
rod active element. Several Faraday isolators were installed to 
prevent self-excitation of the system. 

Figure 2a shows the measured output power from the sec-
ond amplifier with a single-pass scheme as a function of the 
pump  power  used  for  pulse  repetition  rates  of  250  kHz, 
500 kHz, and 1 MHz. The maximum amplified average power 
is 19 W at 111 W of the pump power, with a 1 MHz repetition 
rate. In the case of 500 and 250 kHz, the output power is lim-
ited by a nonlinear effect because the pulse energy at the same 
output power increases as the pulse repetition rate is lowered. 
This is clear when considering the dependences of the output 
energy  and  peak  power  on  the  pump  power  depicted  in 
Fig. 2b. The three horizontal dotted lines correspond to the 
peak  powers;  the  different  nonlinear  phenomena  are  indi-
cated by: (i) the threshold of self-focusing, (ii) self-phase mod-
ulation, and (iii) the charge transfer luminescence. 

When  ultrashort  pulses  propagate  through  a  nonlinear 
medium, a nonlinear optical effect called the Kerr effect can 
occur.  It  is  an  intensity-dependent  change  in  the  refractive 
index  for  a  high  intensity  light  beam,  which  leads  to  self-
focusing due to Kerr lensing and self-phase modulation. The 
self-focusing sets a limit on amplification of the laser power 
because the beam can undergo collapse in an active material 
that acts as a positive lens, causing optical damage to the crys-
tal.  In  the  absence  of  significant  dispersion,  this  effect  can 
occur when the optical power is above the critical power Pcr, 
which has the approximate form 
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Figure 1. Schematic of the femtosecond laser system with a Yb : YAG thin-rod amplifier [(I) first double-pass amplification stages, (II) second single-
pass amplification stage]:                 
( 1 ) Yb : KGW MO; ( 2 ) half-wave plates; ( 3 ) lenses; ( 4 ) thin film polarisers; ( 5 ) Faraday isolator; ( 6 ) Pockels cell; ( 7 ) high-reflection mirrors; ( 8 ) long-
wavelength pass filter; ( 9 ) thin-rod active elements; ( 10 ) dumper; ( 11 ) quarter-wave plates; ( 12 ) curved mirrors; ( 13 ) pump laser diode bars.
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where n0 and n2 are the linear and nonlinear refractive indices 
[1, 9]. At a wavelength of 1030 nm,  the critical power  for a 
Yb : YAG crystal is approximately 1.3 MW. It is notable that 
the  critical  power  does  not  depend  on  the  beam  size.  By 
adjusting  the  beam  diameter  and  divergence,  as  well  as  by 
optimising the crystal geometry, for example, by doping and 
choosing the length, critical damage can be prevented. 

In an actual amplification system, even considering criti-
cal  power,  it  is  not  easy  to  accurately  predict  the  power  at 
which  the  self-focusing becomes serious. Therefore, we per-
formed experimental measurements to predict the nonlinear 
threshold  at which  the  self-focusing  becomes  serious,  using 
the property that the beam size changes greatly when nonlin-
earity  occurs  because  of  the  lens  effect.  To  visualise  these 
effects, Fig. 3a shows how the beam profiles evolve as the out-
put power increases at a repetition rate of 1 MHz. To com-
pare with the case in which self-focusing is not serious due to 
low nonlinearity, the beam size was also measured at a repeti-
tion rate of 80 MHz with the same output power. The beam 
size  was measured  at  a  distance  of ~1 m  from  the  second 
amplifier. As can be seen from Fig. 3b, the beam diameters 
start  to  significantly  differ  at  roughly  an  output  power  of 
3.5 W, which corresponds to a pulse energy of 3.5 mJ and a 
peak power of 6 MW with a 580 fs pulse duration at a repeti-

tion rate of 1 MHz [6]. Even near 1.5 W which corresponds to 
a peak power of 2.5 MW, it can be seen that the beam size 
starts to increase slightly compared to the case of low nonlin-
earity, which shows a value similar to the calculated critical 
optical power of 1.3 MW.

Another way to estimate the importance of the self-focus-
ing effect is the use of the B-integral [2], expressed as follows

2 ( )dB n I z z2
p
l

= y .  (3)

Typically, B-integral values less than unity are recommended 
in the design of amplifiers to prevent the occurrence of self-
focusing. A peak power of 6 MW corresponds to a B-integral 
of 0.4 at 1 MHz and 0.005 at 80 MHz, with a pulse duration 
of 580 fs, centre wavelength of 1030 nm, focused beam size of 
a 400 mm, and 19-mm-long Yb : YAG thin rod. Therefore, the 
experimentally  measured  threshold  of  self-focusing  shows 
almost the same expectation value as with a critical power of 
1.3 MW and a B-integral of 0.4. By using this measurement 
technique,  we  were  able  to  predict  system-dependent  and 
accurate values for self-focusing in thin-rod media. It is nota-
ble that the pulse amplification with an excess of the critical 
power is possible without crystal damage, although the ampli-
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Figure 2. (a) Output power and (b) output energy and peak power vs. pump power of a second thin-rod amplifier with single-pass at 250 kHz, 
500 kHz, and 1 MHz. 
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Figure 3. (Colour online) Measurement of the nonlinear threshold by comparing the beam size evolution of high (1 MHz) and low (80 MHz) pulse 
energy according to the amplification power: (a) beam profiles and (b) beam diameter vs. output power. The threshold of nonlinear effect is indi-
cated in (b) by a vertical dotted line. 
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fied beam size is changed by self-focusing. This is because the 
beam collapses outside the crystal when the crystal length is 
shorter than the self-focusing length defined in Eqn (1). 

Figure 4 shows one example of optical damage to a thin-
rod crystal due to the self-focusing that we observed experi-
mentally.  The  optical  configuration  of  the  laser  system  is 
shown  [7]  to  be  a  three  stage Yb : YAG  thin-rod  amplifier, 
with an average power up to more than 100 W with the CPA 
technique.  In  order  to  express  the  amplified  output  energy 
through the three-stage amplifier in one graph, the sum of the 
pump power accumulated through each amplifier is expressed 
as a total pump power. The three stage amplifier consists of 
the first and second TRA with a double-pass scheme and the 
third  TRA  with  a  single-pass  scheme.  The  vertical  line  in 
Fig.  4  is  drawn  to distinguish  each amplifier,  and  the peak 
power  was  measured  with  different  repetition  rates  of 
250 kHz, 500 kHz, and 1 MHz. 

In  the  third  stage with  single-pass amplification, optical 
damage of the crystal facets is observed at an output energy of 
250 mJ, which corresponds  to a peak power of 5 MW. The 
peak power at which the damage occurred coincides well with 
the peak power threshold (6 MW) that we observed in Fig. 3. 
The damage of the crystal facet was due to the occurrence of 
self-focusing by the thermal lens with a pump power of 210 W, 
and not only due to the Kerr-lens effect. These results are in 
good agreement with those of a previous study [10]. 

An  intensity-dependent  refractive  index  called  the Kerr 
effect also leads to spectral broadening in a nonlinear medium 
by  self-phase  modulation.  Recently,  great  effort  has  been 
invested in the external nonlinear compression of laser pulses 
for ultrashort pulse duration through spectral broadening via 
self-phase modulation and subsequent chirp removal. There 
are various methods for nonlinear spectral broadening such 
as  broadening  of  a  dielectric  waveguide,  hollow-core  fibre, 
multiple-plate, bulk medium, or multipass  cell  [11]. Among 
these options, spectral broadening in a bulk medium is a sim-
ple, robust, low-cost technique. It is used to focus an intense 
pulse into a bulk medium in which the self-focusing length is 
greater than that of a nonlinear medium [8]. 

In our experiments, we observed spectral broadening in a 
femtosecond  laser  system with  a Yb : YAG  thin-rod  crystal 

(depicted in Fig. 5) when the pulse energy exceeded 12 MW, 
which  corresponds  to  the dotted  line  (ii)  in Fig.  2b. As  the 
pulse energy increases, the spectrum near 1034 nm becomes 
stronger  and  shows  asymmetry  with  a  less  powerful  part 
shown  in  blue.  Normally,  according  to  the  theory  of  self-
phase  modulation,  SPM-induced  spectral  broadening  pre-
dicts  symmetric,  multi-peaked  spectra  around  the  centre 
wavelength. Similar asymmetric spectral broadening has been 
observed and studied in previous research [8, 12 – 15]. 

The asymmetric spectral broadening can be explained by 
several  phenomena,  such  as  high-order  dispersion,  chirped 
pulses, free carriers by two-photon absorption, or self-steep-
ening [16, 17]. The asymmetric spectrum with a red shoulder 
cannot be explained by two-photon absorption generated free 
carriers.  This  is  because  free-carrier  induced  phase  shifts 
cause asymmetric broadening of the spectra with a stronger 
blue part [16]. Moreover, the self-steepening effect can also be 
ruled  out  because  the  pulse  duration  at ~500  fs  is  not  too 
short  to  consider  self-steepening.  Our  spectral  broadening 
shows a red shoulder, but no red shift [18]. 

For optical fibres, it is well known that asymmetry in the 
pulse shape that causes chirp would broaden the output spec-
trum asymmetrically [19]. We estimate that the chirped pulse 
is the main cause of the spectral asymmetry  in our thin-rod 
amplification  system.  This  is  because  the  amplified  pulses 
from the thin-rod amplifier undergo positive chirping through 
various dispersive materials, such as thin-rod active media as 
discussed elsewhere  [6]. Moreover, a  relatively high absorp-
tion coefficient of Yb : YAG near 1020 – 1025 nm (compared 
to 1035 – 1040 nm) could be a reason for asymmetric spectral 
broadening. It is meaningful to observe and study the spectral 
broadening  that occurs more clearly with  increasing output 
energy.  Unfortunately,  it  was  limited  by  the  luminescence 
phenomena that occur when the pulse energy exceeds 20 mJ, 
as  indicated by  the dotted  line  (iii)  in Fig.  2b. Moreover,  a 
YAG crystal is not the proper material with which to study 
spectral  broadening,  compared  to  several  wide  band-gap 
materials. This is because a YAG crystal can easily be dam-
aged before  significant  broadening  due  to  impurities  in  the 
material [8]. 

Charge  transfer  (CT)  luminescence  is one kind of rare-
earth luminescence. CT luminescence of a Yb-doped YAG 
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5 MW at 500 kHz. The inset shows the optically damaged crystal surface. 
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Figure 5. Experimentally observed spectral broadening due to the SPM 
in a femtosecond laser system with a Yb : YAG thin-rod crystal. 



317Nonlinear phenomena in femtosecond laser systems 

crystal can be observed because the CT state lies higher than 
the excited 4f states and the energy gap between the CT state 
and the highest excited state is large [20]. CT luminescence 
of Yb3+ has attracted broad attention due to possible appli-
cations  as  scintillation  detectors  in  neutrino  physics  (e.g., 
solar  neutrino  detection,  pulsed  radiation  detection,  and 
space radiation detection). CT luminescence phenomena of 
Yb3+  ions  in  phosphate  and  oxysulfide  lattices  were  first 
observed by Nakazawa [21]. A systematic study of CT lumi-
nescence  from Yb3+ was  investigated  in  a  large  variety  of 
host crystals [22, 23]. Recently CT luminescence properties 
of  Yb : YAG  crystals  were  investigated  and  analysed 
[20, 24, 25]. 

Figure 6a shows the configuration coordinate diagram of 
CT luminescence processes with a curve diagram showing the 
potential  energy.  Yb3+  has  an  excited  state  (2F5/2)  and  the 
ground  state  (2F7/2)  has  ~10000  cm–1  energy  separation 
between the two states. The CT state in Yb3+ that depends on 
the host mostly occurs at ~200 – 300 nm. Thus, the CT transi-
tions  usually  observed  have  strong  absorption  in  the  UV 
range, which can be achieved not only through X-ray and UV 
excitation but also by NIR excitation involving multiphoton 
absorption [26, 27].

During  Yb : YAG  thin-rod  amplification,  we  observed 
flashing light when the output peak power exceeded 34 MW. 
This was  flickering  of  alternating  colours:  yellow,  orange, 
and  green  (not white),  as  shown  in Fig.  6b.  The  emission 
spectra of  flashing  light  in  a Yb : YAG  thin  rod was mea-
sured by a  spectrometer without any  filter as  indicated by 
the solid line in Fig. 6b. The intensity saturation near 940  nm 
is due to transmission of the pump source through the thin-
rod crystal. There are two peaks (~305 nm and ~560 nm) 
with broad emission bands, separated by roughly 10000  cm–1, 
which shows the characteristics of CT luminescence of Yb3+. 
These are commonly assigned to CT – 2F7/2 and CT – 2F5/2 
transitions,  which  correspond  to  (i)  and  (ii)  in  Fig.  6. 
Through the visible bandpass filter (dashed and dotted line), 

broad  emission near  930 nm  (corresponding  to  the  transi-
tion 2F5/2 – 2F7/2) can be visualised [(iii) in Fig. 6], despite the 
fact that there is still intensity saturation of the pump light 
near 940 nm. The observed CT luminescence was achieved 
through infrared (IR) excitation via multiphoton absorption 
with  at  least  4 – 5  IR  photons.  This  is  possible  due  to  the 
intense power peak generated in the thin-rod crystal by self-
focusing of ultrashort pulses. The relative intensity between 
each  transition  depends  on  the  impurities  in  the material, 
the  temperature  of  the  environment,  and  the  excitation 
wavelength [20, 24, 25]. 

3. Frequency conversion with a Yb : YAG 
thin-rod fs amplifier

When a strong electric field that originates from an incident 
pulse is applied to a nonlinear medium, it induces nonlinear 
polarisation that can be ignored in the linear regime. Among 
the nonlinearities that appeared, part of the components pro-
portional to the amplitude of an electric field contributes to 
the frequency conversion. Frequency conversion is one repre-
sentative nonlinear phenomenon based on second-order non-
linearity. Second harmonic generation (SHG) is generation of 
a second harmonic frequency of 2w from incident frequency 
of w in a nonlinear medium. Sum frequency generation (SFG) 
involves generation of a new frequency component w3, which 
is the sum of the incident frequencies w1 and w2 [28]. In this 
research,  frequency  doubling  and  tripling  are  achieved  by 
SHG of the fundamental beam and SFG of the fundamental 
and SHG beams, as shown in Fig. 7. For frequency tripling 
with  high  conversion  efficiency,  SFG  is  generally  adopted 
instead  of  third  harmonic  generation  based  on  third-order 
nonlinearity. Experimentally, it is important to optimise the 
peak intensity by controlling the beam waist in the nonlinear 
medium in regards to the fixed pulse energy, pulse duration, 
and medium length. In this Section, we discuss the frequency 
conversion of SHG for 515 nm and SFG for 343 nm wave-
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Figure 6. (Colour online) (a) Schematic of charge transfer luminescence in a Yb3+ ion and (b) emission spectrum of a Yb : YAG thin-rod crystal at 
a peak output power of 34 MW. The solid line corresponds to the spectrum measurement without a filter; dashed and dotted lines correspond to 
measurements with the visible band pass filter.
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lengths  generated  from  a  Yb : YAG  thin-rod  femtosecond 
amplifier with the pulse energy of ~260 nJ.

For  the  SHG  and  SFG  experiments,  a  mode-locked 
Yb : KGW oscillator is directly amplified by a Yb : YAG thin-
rod  amplifier.  The master  oscillator  (MO)  is  similar  to  the 
model in our previous research. It provides a maximum out-
put power of 2 W, centre wavelength of 1030.5 nm, spectral 
bandwidth of 7.5 nm, repetition rate of 80 MHz, and pulse 
duration of 170 fs [29, 30]. The pulse generated from the MO 
is  incident  onto  the  Yb : YAG  thin-rod  amplifier,  which  is 
similar  to  the  model  described  above.  The  amplified  pulse 
exhibits  an  output  power  of  20.9 W,  centre  wavelength  of 
1030.3 nm, and spectral bandwidth of 3.0 nm. To decrease the 
pulse duration, a chirp mirror of –10000 fs2 per bounce was 
adopted. Assuming a sech2 shaped pulse, the pulse duration 
decreased from 442 to 364 fs by applying a negative disper-

sion value  (–30000  fs2). With a minimum pulse duration of 
364 fs, a peak power of 631.6 kW is achieved.

A schematic of the frequency doubling and tripling system 
is shown in Fig. 8. A SHG crystal [6 ́  6 ́  2 mm, q = 23.4°, j = 
90°;  BBO:  b-BaB2O4,  beta  barium  borate,  type  I  (ooe), 
Castech] was used for frequency doubling. To control the out-
put power of the incident fundamental beam, a combination 
of  half-wave  plate  and  thin-film polariser was  adopted. To 
change the size of the incident beam, convex lenses with focal 
lengths 100, 150, and 200 mm were used. The focused beam 
areas were 3701, 7380, and 16036 mm2, corresponding to the 
focal lengths of 100, 150, and 200 mm, respectively. The gen-
erated SHG and residual fundamental beam were divided by 
a  separator  that  exhibits  high  reflection  near  515  nm  for 
s-polarisation  and  high  transmission  near  1030  nm  for 
p-polarisation.

For frequency tripling, the spatial walk-off and temporal 
walk-off originating  from the SHG should be controlled  to 
optimise  conversion  efficiency because of  the  relatively  low 
pulse energy (~100 nJ). The SHG beam and remaining fun-
damental beam from the SHG crystal were divided by a beam 
splitter  that  exhibits  high  reflection  near  515  nm  and  high 
transmission near 1030 nm. The separated beams were colli-
mated by an AR coated convex lens (  f = 300 mm). For con-
trol  of  the  focused  beam  size,  a  set  of  AR-coated  convex 
lenses of focal lengths 150, 200, and 250 mm was used for each 
beam  line. The  focused beams were  combined by  the SHG 
beam splitter and then spatially overlapped in the SFG crys-
tal. As a SFG crystal, BBO [3 ´ 3 ´ 6 mm, q = 40°, j = 30°, 
type II (eoe), Castech] was used. The SFG beam was reflected 
by three beam splitters for SFG, which exhibited high reflec-
tion  at  343  nm  for  p-polarisation  and high  transmission  at 
1030  nm  for  p-polarisation  and  515  nm  for  s-polarisation. 
They eliminated the fundamental and SHG beams. To mini-
mise  the  temporal walk-off, a delay  line was  inserted  in  the 
fundamental beam line and the delay was precisely controlled 
by the SFG output power.

The output power of the SHG is shown in Fig. 9a. With a 
seed power of 20.9 W, maximum SHG output powers of 11.1, 
10.4, and 7.9 W were achieved at  focal  lengths of 100, 150, 
and 200 mm, respectively. The output power and conversion 
efficiency of the SHG as functions of the beam area are shown 
in  Fig.  9b.  It  is  confirmed  that  the  beams  of  smaller  size 
exhibit a higher SHG output power and conversion efficiency. 
With f = 100 mm, maximised conversion efficiency is exhib-
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Figure 7. Diagram of frequency doubling and tripling. 

1

1

2

3 3

3

9

3

33

3

4
5

6
7

7

8

8

10

10
10

Figure 8. Schematic of a frequency doubling and tripling system:  
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Figure 9. (Colour online) (a) Experimentally measured SHG output power vs. incident IR power (the inset shows the SHG beam profile for f = 150 
mm), and (b) maximum output power and conversion efficiency vs. focused beam area in the SHG crystal.
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ited along with the output power, but the beam shape is ellip-
tical due to the spatial walk-off in the SHG crystal, which is 
not good  for  frequency  tripling. With  f = 150 mm, a maxi-
mum SHG output power of 10.4 W and conversion efficiency 
of 49.7 % are confirmed by the clean beam profile shown in 
the inset of Fig. 9a. Thus, the case of f = 150 mm was chosen 
for the SFG of the UV beam. Table 1 summarises the SHG 
parameters  of  the  Yb : KGW  oscillator  from  our  previous 
work and of the Yb : YAG thin-rod amplifier seeded by the 
Yb : KGW oscillator  [31]. From  these  parameters,  the  peak 
intensity of the fundamental beam in the nonlinear medium 
was  calculated  to  be  22.4  GW  cm–2  for  the  MO  and 
17.1 GW cm–2 for the thin-rod amplifier. Because of the rela-
tively high pulse energy compared to the MO, the beam size in 
the  nonlinear  medium  could  be  increased  and  effectively 
decrease  the spatial walk-off with sufficient conversion effi-
ciency of 49.7 %.

The SHG spectrum corresponding to f = 150 mm is shown 
in Fig. 10a, and a centre wavelength of 515.1 nm and a spec-
tral bandwidth of 1.9 nm are confirmed. The corresponding 
pulse duration is shown in Fig. 10b. Assuming a sech2 shaped 
pulse,  the SHG pulse duration was determined to be 280 fs 
with  a  time bandwidth product of  0.6. This  relatively  large 
time bandwidth product value originated from the resolution 
limit spectrometer of ~0.75 nm. The pulse duration decreased 
compared  to  the  pulse  duration  of  a  fundamental  beam of 
364  fs. This  is  because  the  intensity  of  the  SHG  is  propor-
tional to the square of the intensity of the fundamental beam. 
Assuming a Gaussian beam, the square term is  the same as 
the  factor  /1 2   of  pulse  duration. Our  experimental  result 
shows  that  the  ratio of  pulse  durations between  the  funda-
mental and SHG beams is ~0.77, which is close to  /1 2 .

The SFG output power as a function os the output power 
of the fundamental beam is shown in Fig. 11a. The maximum 

Table 1. SHG parameters from the Yb : KGW oscillator and Yb : YAG thin-rod amplifier. 

Source
Nonlinear- 
medium

Pout/W Frep/MHz Ep/nJ t/fs Pp /kW A/cm2 Ip/GW cm–2 PSHG/W h (%) Refs

Yb : KGW oscillator 
(MO)

BBO (2 mm) 1.1 80 13.8 175 69.1 6.16 ´ 10–6 22.4 0.56 50.9 [31]

Yb : KGW oscillator 
(MO) + Yb : YAG 
thin-rod amplifier

BBO (2 mm) 20.9 80 261.3 364 631.6 7.38 ´ 10–5 17.1 10.4 49.7
This 
work

Note: Pp is the peak power; A is the focused beam area; Ip is the peak intensity; PSHG is the SHG output power; h is the conversion efficiency. 
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Figure 10. (a) Experimentally measured SHG spectrum and (b) corresponding autocorrelation function.
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output power corresponding to the focusing lens with f = 150, 
200, and 250 mm is 3.15, 3.92, and 3.27 W, respectively. The 
SFG  spectrum  at  a  maximum  output  power  is  shown  in 
Fig.  11b, with  a  centre wavelength  and  spectral  bandwidth 
being measured to be 343.5 and 1.0 nm, respectively. Table 2 
exhibits  the  SFG  parameters  with  the  Yb : YAG  thin-rod 
amplifier. The peak  intensity of  the  fundamental  and SHG 
beams in the SFG crystal is 23.2 and 32.4 GW cm–2 for f = 
150;  16.5  and  19.3 GW cm–2  for  f  =  200 mm;  and  9.1  and 
11.6 GW cm–2 for f = 250 mm. The SFG conversion efficien-
cies of 15.3 %, 18.7 %, and 15.8 % corresponds to focal lengths 
of 150, 200, and 250 mm, respectively. From this experiment, 
the  spatial  walk-off  was  minimised  at  f  =  200  mm,  which 
shows the beam area of the fundamental and SHG beams of 
3.84 ´ 10–5 and 4.23 ´ 10–5 cm2.

In cases with a relatively high pulse energy (over hundreds 
of mJ), the conditions for spatial walk-off and temporal walk-
off can be reduced due to the relatively large beam size, with 
a  sufficiently high peak  intensity  [32].  In  the case of a  rela-
tively low pulse energy (on the order of hundreds of nJ), it is 
necessary to decrease the beam size in the nonlinear medium. 
This requires more careful compensation for the spatial and 
temporal walk-off. In this research, the spatial and temporal 
walk-off were compensated for separately and the condition 
for frequency tripling from the Yb : YAG thin-rod femtosec-
ond amplifier was optimised with an output power of 3.9 W 
and NIR/UV conversion efficiency of 18.7 %. After consider-
ing  various  experimental  environments,  we  hope  that  our 
research has great meaning as a reference on frequency dou-
bling  and  tripling  of  femtosecond  pulses  with  pulse  energy 
levels of hundreds of nJ.

4. Conclusions

In  this  research,  various  nonlinear  phenomena  which  can 
appear during  amplification process  in  a  femtosecond  laser 
system based on Yb : YAG thin-rod are studied.

Firstly, it is shown that the lowest nonlinear threshold is 
the optical Kerr effect. This effect leads to self-focusing of the 
radiation,  causing  deterioration  of  the  angular  divergence 
and  damage  of  the  active materials  in  the  laser  system. To 
avoid these phenomena, the breakup integral should be lim-
ited to the value B < 1. At such values of B, self-phase modu-
lation,  which  is  another  effect  limiting  the  peak  power  of 
radiation in some cases, does not appear. Another nonlinear 
effect,  charge  transfer  luminescence  observed  in  Yb : YAG 
crystals, caused by multiphoton absorption of laser radiation, 
may be one of the origins for limiting the peak power scaling 
of laser system.

In addition, a study was carried out on the frequency con-
version of femtosecond laser pulses during its doubling (l = 
515 nm) and tripling (l = 343 nm). By optimising the conver-
sion scheme, efficiencies of about 50 % were obtained when 
generating the second harmonic and about 19 % when gener-
ating the sum frequency. 

We hope it is meaningful to experimentally show that the 
Kerr effect is the most influential factor for limiting the radia-
tion power in a laser system on Yb : YAG thin rods. Also the 
results of optimisation and quantification of frequency con-
version will be helpful for the research of frequency conver-
sion of hundred-nJ-level of pulse energy.
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