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ABSTRACT We report on the z-scan characterization of the
nonlinear refractive indices of three borate crystals (GdCOB,
YCOB, and BOYS), which are new promising Yb-doped laser
hosts. The results indicate the possibility of substantial Kerr-
lensing and self-phase modulation effects in femtosecond os-
cillators and amplifiers. High values of the nonlinear refractive
indices suggest possible KLM operation of such lasers.

PACS 42.65.An; 42.65.Hw; 42.55.Rz; 42.65.Re

1 Introduction

Yb3+-ion doped solid-state laser materials are very
attractive for the development of efficient, diode-pumped
mode-locked femtosecond oscillators. This is due to a com-
bination of their broad gain bandwidths, high emission cross
sections, small quantum defects [1] and potential for efficient
diode pumping using commercially available, high-power
laser diodes in the 900–980 nm spectral range. Recently,
several promising new Yb-doped borate laser crystals have
been introduced [Ca4GdO(BO3)3 (GdCOB), Ca4YO(BO3)3

(YCOB) and Sr3Y(BO3)3 (BOYS)]. Efficient operation of
Yb-doped GdCOB, YCOB and BOYS laser crystals was
demonstrated both in the continuous wave [2–4] and fem-
tosecond pulse regimes [5, 6] using semiconductor saturable
absorber mirrors (SESAM) [7] for passive mode locking.
However with all of these materials, the minimum pulse du-
rations, as predicted by the available gain bandwidths, were
not achieved. Therefore, continuing research into the relevant
optical properties of these new laser-active media is needed in
order to optimize the mode locking process to further reduce
the pulse duration.

In this paper we report on the characterization of the non-
linear refractive indices of the laser crystal hosts GdCOB,
BOYS and YCOB. The nonlinear refractive index, n2, has
a strong influence on the mode locking dynamics through the
process of self-phase modulation (SPM), which effectively
contributes to the total positive intracavity dispersion. Thus,
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an accurate knowledge of the nonlinear refractive index would
allow for a more precise evaluation of the amount of positive
dispersion needed for compensation. The amount of effective
positive dispersion introduced by SPM (in fs2) can be ap-
proximately evaluated by differentiating the power spectrum
I(ω) of a pulse [8]:
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where the bracket term on the right side of (1) is the phase
shift (in frequency domain) acquired by pulse due to SPM
(where L is the crystal’s length). In addition, the magnitude
of the nonlinear refractive index can be viewed as a measure
of the crystal’s potential for efficient Kerr-lens mode locking
(KLM) [9]. Although KLM poses more demands on the align-
ment requirements for the laser, it generally offers shorter
pulses and a more cost-effective solution when compared to
SESAM-based mode locking. Since Yb-doped laser materi-
als are prone to Q-switching instabilities [7, 10] due to their
relatively long excited upper state lifetimes (∼ 1–3 ms [6]),
and the strength of Kerr-lensing is directly proportional to
the magnitude of the nonlinear index of refraction, character-
ization of n2 is critical in determining the stability limits of
continuous-wave mode-locked regime against the Q-switched
mode-locked, or Q-switched regimes. So far for Yb-based
lasers, KLM under direct diode-pumping has only been re-
alized with Yb:KYW material. Pulses as short as 71 fs with
120 mW average output power were generated [11]. Finally,
the value of the nonlinear refractive index is also important
in determining the overall KLM stability as well as limits of
multipulse operation [12].

2 Experimental setup

Nonlinear characterization of the crystals was car-
ried out using the well-known, single-beam, z-scan tech-
nique [13], which can accurately measure both the magnitude
and sign of n2. The samples of GdCOB, YCOB and BOYS
were cut and polished such that measurements with the two
orthogonal polarizations parallel to the appropriate optical
axes of the crystals were possible. The thickness of samples
was 4 mm, 1 mm, and 1 mm, respectively. For the experiments
we used ∼ 1 ps, ∼ 1 µJ energy pulses at 1300 nm from an



200 Applied Physics B – Lasers and Optics

optical parametric amplifier pumped by a chirped-pulse am-
plified Ti:sapphire laser with a repetition rate of 1 kHz. The
detailed description of the experimental set-up can be found
elsewhere [14]. Using a 175 mm focal length lens the laser ra-
diation was focused to the spot size of approximately ∼ 54 µm
in diameter, which resulted in a maximum, on-axis peak inten-
sity in the range of ∼ 80 GW/cm2.

3 Results and discussion

An example of the experimental z-scan trace is
presented in Fig. 1, where the vertical axis plots normalized
transmission and the horizontal axis plots distance normalized
to the Rayleigh range z0 of the beam (with far-field aper-
ture transmission rate of ∼ 13%). The theoretical fit (shown
as a solid curve) was calculated according to the formalism
derived in [15] assuming a Gaussian pulse shape and beam
profile. The estimated uncertainty of our measurements is
±25% which is in line with other z-scan measurements [15].
The validity of our results was ensured by performing control
z-scan measurements with a silica-lead SF-59 glass reference
sample [14, 16].

The main results of the z-scan measurements, along with
the data for previously characterized relevant crystal hosts, are
presented in Table 1. All crystals showed a positive refrac-
tive nonlinearity. No two-photon absorption was observed in
the experiments. The values of the nonlinear indices of refrac-
tion can be compared with the ∼ 3.1 ×10−7 cm2/GW value
for Ti:sapphire laser crystal [19, 20] which is often used for
efficient KLM operation. Therefore, our results indicate the
possibility of appreciable Kerr-lensing and self-phase modu-
lation effects in femtosecond oscillators and amplifiers based
on these Yb-doped laser crystals. No significant change in
the n2 values is expected in the 1000–1300 nm wavelength
range, since the absorption edges of GdCOB, YCOB and
BOYS crystals lie in the UV region. Such wavelength de-
pendence of the refractive nonlinearity was well predicted
by theoretical models [21] and later confirmed experimen-
tally [19]. For example, our previous results with Yb:KGW

FIGURE 1 Sample closed-aperture z-scan trace showing fit to theoretical
curve

Host Polarization Direction n n2,×10−7 cm2/GW

GdCOB E ‖ Z
k ‖ Y

1.71 9.8
[Ca4GdO(BO3)3] E ‖ X 1.68 11.4

YCOB E ‖ Z
k ‖ X

1.71 9.0
[Ca4YO(BO3)3] E ‖ Y 1.70 7.4

BOYS E⊥c
k⊥c

1.74 6.6
[Sr3Y(BO3)3] E ‖ c ∼ 1.74 8.8

KYW a

E ‖ a – ∼ 2.00 8.7[KY(WO4)2]
KGW b E ‖ X

k ‖ Z
1.98 15.0

[KGd(WO4)2] E ‖ Y 2.00 20.0

YAG c

– – 1.82 6.2[Y3Al5O12]
Y2O3

c – – 1.92 11.6

a Ref. [17], b Ref. [14], c Ref. [18]

TABLE 1 Results of the z-scan measurements

crystal [14] showed only slight increase (∼ 5%) in the n2
values in the 1100–1600 nm wavelength region. Doping of
crystals with Yb-ions would probably result in a similar in-
crease in the n2 values, since the dopant concentrations typ-
ically used are not high. The conversion between CGS (esu)
and MKS (m2/W) units can be done using a simple relation,
n2[10−13 esu] = (cn/40π)n2 [cm2/GW], where n is the lin-
ear refractive index and c is the speed of light (in meters per
second).

Yb-doped laser materials are prone to Q-switching in-
stabilities owing to their long excited upper state life-
times [7, 10]. Therefore, the implementation of a fast (instan-
taneous) saturable absorber (in this case KLM) as a passive
mode locker should lead to a better discrimination between
pure mode locking and Q-switched mode-locked regime. Fur-
thermore, the use of a fast saturable absorber would result in
the generation of shorter pulses because the absorber would
be able to shape both the leading and trailing edge of the
generated pulse. The use of symmetric KLM resonators [22]
operating in the middle of the cavity stability limits, regenera-
tive mode locking [23] to initiate ultrashort pulse generation,
or negative feedback control loop circuits [24] to suppress
Q-switching instabilities might be appropriate solutions to
overcome these unwanted effects. On the other hand, experi-
ments with KLM Yb:glass laser (∼ 1 ms upper state lifetime)
with diffraction-limited pump beam did not report on any oc-
currence or problems with Q-switching instabilities [25].

Reliable KLM operation should be more easily achieved
in Yb:KYW/KGW laser crystals because of their shorter ex-
cited upper state lifetimes (∼ 350 µs [26]) and higher stim-
ulated emission cross sections. Nonetheless, shorter laser
pulses would be possible with GdCOB/YCOB/BOYS ma-
terials that have much broader amplification bandwidths [6].
Finally, it is worth noting that high n2 values are beneficial for
diode-pumped KLM laser configurations since the minimum
pump spot size inside the crystal is limited by the poor beam
quality of laser diodes.

4 Conclusions

In conclusion, we have characterized the nonlin-
ear refractive indices of three promising borate crystal hosts
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(GdCOB, YCOB, BOYS) for Yb-doped laser gain media.
The results indicate the possibility of substantial Kerr-lensing
and self-phase modulation effects in high-power femtosecond
oscillators or amplifiers based on these laser crystals. High
values of the nonlinear refractive indices also suggest possible
KLM operation of such lasers.
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