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Introduction1. 

In recent years, various application studies using ultrashort 

pulsed light having pulse widths in the range of femtoseconds 

(10-15 sec) are actively conducted particularly in the field of 

medical, biological, and electronic industries.  The ultrashort 

pulsed light realizes a higher peak power in the same average 

output in comparison with light having long pulse widths or 

continuous wave, and has a potential to induce various non-

linear optical effects.  In the medical and biological fields, 

morphological and functional imaging such as Multiphoton 

Microscopes1), Coherent Anti-Stokes Raman Scattering 

(CARS)2), Optical Coherence Tomography (OCT)3), and studies 

of therapies such as operations for treatment of myopia4), and 

Photo Dynamic Therapy5) are actively conducted.  In the 

machining field of electric and electronic industries, a high 

level machining which has been impossible with conventional 

long pulses on the order of nanosecond (10-9 sec), such as high-

definition perforation6) on metals or internal processing of 

unworkable materials such as glass are demonstrated. 

However, the ultrashort pulsed laser is not yet introduced 

into the production site or the clinical setting in full scale.  

We analyze the followings two reasons.

(1) The applications themselves as described above are 

still in the stage of test and research, and evaluation of 

the value with respect to competing technologies is not 

fixed and (2) The practical utility of the ultrashort pulsed 

laser is low.  Here, we focus on the reason (2), which is 

caused by the problem of hardware.  The normal ultrashort 

pulsed laser is realized by a laser unit which employs “mode-

locking” operation using Ti: Sapphire crystal, and has serious 

problems which harms the practical utility such as (a) large 

size unit which occupies a optical table, (b) low output 

stability and need of regular adjustment of optical alignment, 

and (c) high cost (approx. 30 million yen per unit).  As a 

result of detailed analysis of these problems, we realized 

that Ti: Sapphire resonator optical system which is complex 

and is composed of a number of optical components is the 

underlying cause of these problems. 

 Accordingly, we started research and development of the 

ultrashort pulse solid-state laser having a potential of various 

application and development, and having a simple and compact 

(palm-size) resonator structure with the idea of solving the 

problems.  FUJIFILM has already developed and productized 

an ultra-compact highly-stabilized blue-green solid-state 

continuous-wave laser as an exposing source for a photo 

printer “Frontier”7) 8).  On the basis of the solid-state laser 

precision mounting technology established in the development 

process, we proposed an idea of compact, highly stabilized, 

low-cost, and world’s smallest ultrashort pulsed solid-state laser, 

and demonstrated the principle.  In this report, key points of 

miniaturization and principle of operation, and laser operating 

characteristics will be described.  A target of a peak power 

was set to 1 kW, which is rather low in comparison with the 

conventional Ti: Sapphire laser (100 kW to 1 MW), but is a level 

which can induce a non-linear optical phenomenon (multiphoton 

absorption, second harmonic generation, CARS, etc.) on living 

organisms and organic materials.  In addition, on the basis of a 

simple linear laser resonator structure composed of a minimum 

possible number of optical components, a palm-size (resonator 

length < 5 cm) is set as one of target specifications. 

 Target specifications are listed in Table 1.

Table 1   Specifications of Ultra-compact Femtosecond Solid-state 
Laser.

Peak Power ＞1kW

Pulse width ＜200fsec

Average Output ＞600mW

Resonator Length ＜5㎝

Pulse Repetition Rate ～3GHz
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We demonstrate a novel practical femtosecond laser source, which is, to our knowledge, the smallest in 

size and of potentially low cost. The innovation is the simple linear-cavity design utilizing soliton mode-

locking induced by precise group velocity dispersion control. Average output power of 680 mW and pulse 

width of 162 fs were obtained at around 1,045 nm from a 980-nm laser-diode-pumped Yb3+: KY (WO4)2 

laser. The pulse repetition rate was 2.8 GHz, leading to a pulse peak power of 1.5 kW, which is sufficient 

for biomedical imaging. The laser module including the laser diode pump system has a footprint of only  

8×5 cm2. Stable operation of 4000 hours was demonstrated with fluctuation of less than l0%.
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Concept of Compact Ultrashort Pulsed 2. 
Laser

We invented an LD (laser diode) pumped laser oscillator 

having a configuration as shown in Fig. 1.  Short pulse 

is realized by starting and stabilizing the mode-locking 

operation by a saturable absorbing mirror.  Three main key 

points of miniaturization are as follows; (1) Compact LD 

pumped laser oscillator, (2) Ultrashort Pulsed Laser Control 

Technology, and (3) Development of Negative Dispersion 

Output Mirror.  With (1) and (2), physical problems in 

association with miniaturization are solved, and the stable 

ultrashort pulse operation is achieved even with a resonator 

length of 5 cm.  The component (3) is an essential key 

component for constituting a linear resonator as a laser 

module. 

Negative Dispersion
 Output Mirror

Semiconductor Saturable 
Absorbing Mirror

Ultrashort Pulsed Laser
Semiconductor Laser

Resonator Length

Dichroic Mirror Laser Crystal

Fig. 1 Schematic diagram of ultra-compact femtosecond diode-
pumped solid-state laser.

Compact LD Pumped Laser Oscillator2.1 

Instead of Ti: Sapphire crystal which requires a large-

sized expensive green solid-state laser as a pump source, Yb 

doped crystal which can be directly pumped by an inexpensive 

semiconductor laser is employed as the laser crystal.  The Yb 

doped crystal has a broad spectral bandwidth, which can generate 

sub-100fs pulse, and a small quantum defect, in addition, is able 

to achieve stable high gnantum efficiency (> 90%) and high 

efficiency operation even from low heat generation to high-

density pumping9).  We compared YAG[Y3AL5O12], YVO4, 

KYW [KY (WO4)2], KGW[KG(WO4)2], Y2O3, Sc2O3, which 

are already reported to have the ultrashort pulse operation of 

200 fsec or shorter as host crystals, as candidate materials in 

oscillation output characteristics on the basis of theoretical 

calculation.  As a numerical value model, a rate equation 

model taking low level distribution number density, pumping 

distributions, and mode matching of the resonator mode into 

consideration was employed10).  Consequently, we found 

that KYW, KGW, Y2O3, whose cross-sections of stimulated 

emission were large (> 1 × 10-20 cm2) and low-level Stark levels 

are relatively high, are promising crystals which have potential 

to clear the target average output 600 mW or higher, and pulse 

widths of 200 fsec or shorter at a pumped power of 2W.  We 

focus on the operation characteristics of Yb: KYW crystal in 

this report. 

We employed a configuration to focus emitted light 

beam from a semiconductor laser to a laser crystal at an 

optical image magnification of 1:2 using a single piece of 

graded index lens as the pump optical system.  A dichroic 

mirror having a non-reflecting property (R < 0.1%) for laser 

emission wavelength  and a high-reflection property (R > 

95%) for pumped wavelength was arranged in the resonator 

to introduce pumped light to laser crystal. 

Ultrashort Pulsed Laser Control Technology2.2 

The most important key point of this study is a stable 

control of mode-locking operation.  The repetition rate  

repetitim rate increases with miniaturization and, assuming 

that the same average output is maintained, the energy per 

pulse is decreased.  It is pointed out from the theoretical and 

experimental points of view that the mode-locking operation 

enters a significantly unstable operating mode if the pulse 

energy is reduced to a level below a certain critical value11).  

It is confirmed that if the pulse energy is lowered, gain 

saturation becomes insufficient, and a long-cycle (- msec or 

random) unfavorable strength modulation is superimposed 

on the mode-locking pulse string.  This is referred to as 

Q-switched mode-locking11), 12). 

 In this study, we were faced with this problem, and had 

difficulties to achieve a stable mode-locking operation at a 

resonance length of 30 cm or below.  Therefore, we made an 

attempt to reduce the above-described critical energy and 

miniaturize the pulsed laser by employing soliton mode-

locking method.  The term “soliton mode-locking” is a method 

of introducing negative group velocity dispersion into the 

resonator, compensating positive group velocity dispersion 

generated in the laser crystal or the optical components while 

the optical pulse is circling in the resonator and positive chirp 

caused by self phase modulation, and making the pulses steep.  

Although it is a method applied to generate femtosecond 

pulses, we used this method in the study positively for the 

pursuit of miniaturization for the first time. 

Fig. 2 shows dependency11) of the mode-locking critical

Non-Soliton Type

Fig. 2 Stable mode-locking critical energy as a function of 
Q-switched mode-locking parameter.

value on an Q-switched parameter (QML).  The term 

QML is an index of Q-switchability calculated from the 
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characteristics of the laser crystal and the saturable absorbing 

mirror.  It was found that auto start of the mode-locking by 

the saturable absorbing mirror is possible in the non-soliton 

mode-locking, while the critical energy is as high as 80 to 140 

nJ, and hence the resonance length is limited to approximately 

30 cm.  I was theoretically found, in contrast, that the critical 

energy can be reduced to 1/10 or lower of the non-soliton 

mode-locking (which corresponds to a resonator length of  

3 cm or smaller) by employing the soliton mode-locking.  On 

the assumption of the linear resonator in Fig. 1, we confirmed 

that an adequate amount of dispersion falls within the range 

approximately from -600 to -1,000 fsec2 from the calculation 

of material physical properties (cross-section of stimulated 

emission, high-level lifetime, low level number density), loss 

in the interior of the resonator, and the saturable absorbing 

mirror characteristics (depth of ref lection ∆R, saturation 

f luence).  We confirmed that the desired mode-locking 

characteristics were obtained with this amount of dispersion 

from the preparatory experiment.

Development of Negative Dispersion Output 2.3 
Mirror

In order to configure the linear resonator as shown in Fig. 1, 

a mirror having two functions of dispersion compensation and 

output extraction is necessary.  As such mirror is not commercially 

available, we newly addressed the development of a mirror 

which realizes desired amount of dispersion and transmittance.  

Consequently, we realized an amount of dispersion of -800 fsec2, 

a transmittance of 1.8% with a laser oscillation center wavelength 

of 1045 nm ± 10 nm using a GTI mirror provided with a plurality 

of interference layers (Gires-Tournois Interferometer). 

Demonstration of Principle of Ultrashort 2.4 
Pulse Characteristics

With the technologies described from paragraphs 2.1 to 

2.3 and the configuration shown in Fig. 1, we demonstrated 

the principle of the ultrashort pulse operation with a resonator 

length of 5 cm, an average output of 680 mW, a pulse width of 

162 fsec, a pulse repetition rate of 2.85 GHz, a peak of power 

1.5 kW.  The pulse waveform (auto-correlation waveform) is 

shown in Fig. 3, and the light spectrum waveform is shown in 

Fig. 4.  It is apparent that a smooth pulse waveform is realized. 

Pulse width

Fig. 3 Auto-correlation trace of mode-locked pulse. Pulse width 
is measured to be 162 fsec.

Spectrum Width

Fig. 4   Optical spectrum.

Test production of Laser Module and 3. 
Ultrashort Pulse Characteristics

The configuration in which the principle was demonstrated 

in Section 2 is packaged as a more practical module.  The 

resonator is integrally formed of copper, and a laser crystal, 

a saturable absorbing mirror, a negative dispersion output 

mirror are fixedly adhered to the resonator.  Here, the depth 

of absorption of the saturable absorbing mirror is set to  

∆R = 0.7%.  Holding of the resonator mirror which is highly 

resistant to temperature fluctuations or change with time can 

be realized by precisely controlling the thickness and the cure 

shrinkage of the adhesive layer.

 Photo 1 shows the appearance of the packaged module.  A 

laser resonator including the pump optical system is arranged 

in a package of 8 cm (length) ×5 cm (width) × 3 cm (height).  

The output characteristics of this module were an average 

output of 740 mW, a pulse width of 210 fsec, a pulse repetition 

rate of 2.85 GHz, and a peak power of 1.2 kW.  Fig. 5 shows 

the pulse wavelength, and Fig. 6 shows a beam profile. The 

quality of beam was as favorable as M2 = 1.4(x) × 1.05(y). 

Photo 1   Photograph of the exterior of ultra-compact diode-pumped 
femtosecond solid-state laser module.
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Pulse width

Fig. 5 Auto-correlation trace of mode-locked pulse of the laser 
module. Pulse width is measured to be 210 fsec.

Fig. 6   Beam profile of mode-locked pulse.

 The result of the long-term running test of this module on 

the basis of an automatic current control is shown in Fig. 7.  

From this drawing, it was found that lowering of the output is 

as small amount as approx. 20% after a total operation time 

of 4,000 hours.  In general mode-locking lasers, alignment 

adjustment of the optical system is supposed to be performed 

as frequently as every day or every week.  This module 

has no need of mirror alignment and superior stability is 

demonstrated in comparison with the conventional general 

mode-locking lasers.  Main reason of lowering of the output 

is considered to be dust entering from the outside, and 

deterioration of the mirror coat caused by humidity, and 

further improvement is confirmed by complete sealing of the 

package. 

Fig. 7 Long-time operation of ultra-compact femtosecond laser 
module with automatic-current control.

 In addition, it was operated with automatic power control 

by monitoring the output power with a photo diode (Fig. 8).  

Control with an output variation of ±1% was achieved until 

a total operating time of 2,000 hours, which demonstrated a 

quite high stability. 

Fig. 8 Long-time operation of ultra-compact femtosecond laser 
module with automatic-power control.

Conclusion and Prospects4. 

We have been focused on miniaturization in our research 

and development in order to dramatically enhance the 

practical utility of the ultrashort pulsed laser.  The instable 

operation of the mode-locking, which was a problem to be 

solved in miniaturization, was resolved by the employment 

of the soliton mode-locking method to perform the dispersion 

compensation precisely, and the new development of the 

negative dispersion output mirror, and dramatically stable 

and compact module was realized.  The size is the world’s 

smallest size, and is characterized by the peak power  

(> 1 kW) which might cause the non-linear optical effect in 

living organisms and the organic materials and the repetition 
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rate as high as 2.9 GHz, which is 30 times the normal mode-

locking laser (80 MHz).  With these characteristics, we are 

intended to expand the development of application for this 

module in the future.
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