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Abstract: We present a comparative study on frequency-doubling characteristics of fem-
tosecond laser pulses in thick nonlinear crystals with different temporal and spatial walk-off
parameters. Using single-pass second harmonic generation (SHG) of 260 fs pulses at
1064 nm from a high-average-power femtosecond Yb-fiber laser in 5-mm-long crystals of
B-BaB,0O, (BBO) and BiB;Og (BIBO), we find that for comparable values of temporal and
spatial walk-off parameters in each crystal, the optimum focusing condition for SHG is more
strongly influenced by spatial walk-off than temporal walk-off. It is also observed that under
such conditions, the Boyd and Kleinman theory commonly used to define the optimum fo-
cusing condition for frequency-doubling of cw and long-pulse lasers is also valid for SHG
of ultrafast lasers. We also investigate the effect of focusing on the spectral, temporal, and
spatial characteristics of the second harmonic (SH) radiation, as well as angular acceptance
bandwidth for the SHG process, under different temporal and spatial walk-off conditions in
the two crystals.

Index Terms: Harmonic generation and mixing, nonlinear optics, materials, ultrafast lasers,
fiber lasers, upconversion, visible lasers.

1. Introduction

The development of ultrafast femtosecond laser sources in different spectral regions is of great
interest for a variety of applications, including spectroscopy [1], [2], material processing [3], [4],
and pumping of optical parametric oscillators [5], [6]. The restricted fluorescence bandwidth of
solid-state and fiber gain media confines the wavelength coverage of mode-locked ultrafast lasers
to limited regions in the near and mid-infrared. Nonlinear frequency conversion techniques provide
a highly effective approach to circumvent this limitation, providing access to new wavelength re-
gions unavailable to conventional ultrafast lasers [7]. Among different nonlinear processes, second
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harmonic generation (SHG) is typically used to reach the shorter wavelengths, including the visible
[8], [9] and ultraviolet regions [10]. In particular, single-pass SHG offers the simplest configuration,
which can be realized in a most compact and cost-effective system design [11], [12]. On the other
hand, because of the single-pass nature of this technique, the nonlinear gain is generally low, but
this can be improved by using crystals with high optical nonlinearity, noncritical phase-matching
(NCPM), long interaction length, as well as by increasing the intensity of the input fundamental.
By exploiting quasi-phase-matched nonlinear crystals such as PPKTP and MgO:sPPLT with long
interaction length under NCPM in single-crystal [13] and cascaded multi-crystal schemes [14], the
single-pass SHG technique has been shown to be highly effective in achieving overall conversion
efficiencies of >50% into the green in the continuous-wave (cw) regime. On the other hand, in the
picosecond time-scale, the use of long birefringent crystals such as BiB3Og (BIBO) [9] and LiB30s
(LBO) [15] has enabled high-power single-pass SHG into the green. In the ultrafast femtosecond
regime, however, the use of increasingly long crystals does not necessarily lead to higher gain in
the SHG process, as other crystal parameters including temporal walk-off can play an increasingly
significant role in the overall conversion efficiency, even in the presence of NCPM. In the absence
of NCPM, as is commonly the case in birefringent crystals, spatial walk-off becomes an important
additional factor that limits SH efficiency. In this case, increasing the crystal length also does not
necessarily lead to higher conversion efficiency, given the trade-off between the crystal length and
the focusing parameter of the fundamental, which is dependent on spatial walk-off [16]. Therefore,
the attainment of the highest conversion efficiency in SHG, as well as other nonlinear frequency
conversion processes, in the ultrafast femtosecond time-scales, requires careful optimization of
focusing to account for both spatial and temporal walk-off. For a given nonlinear crystal of a certain
physical length and under a specific phase-matching geometry and a given input fundamental laser
of certain pulse duration and intensity, the optimization of focusing is the most critical factor in the
attainment of the highest conversion efficiency and output power.

Here, we present a comparative study on the optimum focusing condition for SHG of femtosecond
pulses in two different nonlinear crystals with different temporal and spatial walk-off parameters.
The optimum focusing conditions for efficient SH conversion of cw or long-pulse lasers have been
theoretically predicted in the seminal work of Boyd and Kleinman (BK) [16] and subsequently verified
experimentally [13]. However, the optimum focusing condition in the presence of temporal walk-off
arising from the use of ultrafast lasers can be different from that of the cw and long-pulse lasers.
Previously, efforts have been made to model and determine the optimum focusing condition for
SHG of ultrafast lasers [17]-[20]. However, these efforts require experimental verification. Here we
present a systematic experimental study on the optimum focusing condition for single-pass SHG
of ultrashort femtosecond pulses in two nonlinear crystals having different spatial and temporal
walk-off parameters and their comparison with the existing theoretical models [17]-[19]. For our
study, we deploy an ultrafast Yb-fiber laser at 1060 nm as the input fundamental, together with
birefringent nonlinear crystals of -BaB,O, (BBO) and BIBO under critical phase-matching, for
SHG into the green. It is found that for each crystal with comparable values of A and B parameters
defining temporal and spatial walk-off, respectively, the optimum focusing condition for SHG is more
strongly influenced by spatial walk-off than temporal walk-off. It is also observed that for comparable
values of temporal and spatial walk-off parameters A and B, respectively, BK theory is also valid for
SHG of femtosecond pulses.

2. Experimental Configuration

The schematic of the experimental set up is shown in Fig. 1 and is similar to that in our ear-
lier report [21]. The pump source is an ultrafast Yb-fiber laser (Fianium, FP1060-5-fs) delivering
5 W of average power in pulses of 260 fs duration at 78 MHz repetition rate. When operated at
maximum power, the laser provides a linearly polarized output beam in TEMgg spatial profile with
M? < 1.3. The laser wavelength is centered at 1060 nm. The spectrum is flat with small modulation
and has a full-width at half-maximum (FWHM) bandwidth of 15 nm. The time-bandwidth product of
the pump pulse is ~1.04, which is substantially larger than the value of 0.315 for a transform-limited
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Fig. 1. Experimental design of the single-pass SHG of the femtosecond Yb-fiber laser. 1/2: half-wave
plate; BBO and BIBO: nonlinear crystals, L: lens; M: mirror.

sech? pulse. For SHG experiments, we use two crystals, BBO and BIBO, to study the performance
of the frequency-doubling process with regard to all important output parameters as a function of
focusing under different spatial and temporal walk-off conditions. Both crystals are 5-mm-long and
4 x 8mm? in aperture. In each case, the input power to the crystal is controlled using a motorized
attenuator, consisting of two polarizers and a half-wave plate (HWP). Another HWP is used to
obtain the desired polarization for optimum phase-matching in the crystal. A set of six lenses of
focal length, f= 25, 50, 100, 150, 200, and 300 mm, are used for focusing the fundamental beam
into the nonlinear crystal in each case, and a separation mirror, M, filters out the fundamental from
the SH output. The BBO crystal is cut at an internal angle 6 = 22.9° for type | (ee — 0) SHG at
a fundamental wavelength of 1064 nm at normal incidence. The BIBO crystal is cut at § = 168.5°
(¢ = 90°) in the optical yz-plane for type | (ee — 0) phase-matching at normal incidence. Both crys-
tals are antireflection (AR)-coated on both faces at 1064 and 532 nm. For these phase-matching
geometries, the spatial walk-off angle in BIBO and BBO are p = 26.1 mrad and p = 55.85 mrad,
respectively. The corresponding values of group velocity mismatch (GVM) are § = 173fs/mm in
BIBO and g = 84.8fs/mm in BBO. The spatial walk-off length (Ls) and temporal walk-off length
(Ly)aredefinedas Ls = 2w, /tan(p) and Lt = t,/B, respectively, where w, is the pump beam waist
radius inside the crystal, and 7, is the pump pulse width. For a pump pulse width, 7, = 260fs, the
temporal walk-off length is thus calculatedtobe Lt = 1.5mm in BIBO and Lt = 2.95mm in BBO.

On the other hand, measuring the pump beam waist radius in the BBO and BIBO crystals for
lenses of different focal lengths, f= 25-300 mm, we can estimate the spatial walk-off length, Lg, to
vary over 0.48-5.25 mm in BBO, and 1.02-11.39 mm in BIBO. While BBO has twice larger spatial
walk-off angle than BIBO under the same focusing condition, the GVM for BBO is almost half that
of BIBO. Such differences in spatial and temporal walk-off in the two crystals enable us to study the
dependence of optimum focusing for SHG on the two parameters. The relevant characteristics of
the BIBO and BBO crystals used in the present study are listed in Table 1.

3. Results and discussions
3.1. Optimum focusing condition

To study the effects of temporal and spatial walk-off parameters on focusing dependence of SHG
efficiency, we pumped both BBO and BIBO crystals at maximum available fundamental power and
measured the SH efficiency under different focusing conditions. We define the focusing parameter,
&=L /b [16], where L is the crystal length, b is the confocal parameter of the pump beam given
by b = 2nzw,2/x,, nis the refractive index of the crystal, w, the beam waist radius, and A, is the
fundamental wavelength. To vary &, we focused the pump beam to different waist radii using various
focusing lenses. By measuring the beam waist diameter of the pump beam using a scanning beam
profiler for six lenses, f = 25, 50, 100, 150, 200, and 300 mm, we calculated & for both crystals
under different focusing conditions. The results, together with the corresponding spatial walk-off
lengths, Lg, are listed in Table 2.
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TABLE 1
PARAMETERS OF BIBO AND BBO CRYSTALS

BIBO BBO
Crystals
Parameters
Crystal length L=5 mm L=5 mm
Phase-matching type Type-1 (ee—0) | Type-I (ee—0)
Phase-matching angle 0=168.5°(¢=90°) | 6=22.9°
Effective nonlinear coefficient | der=2.96 pm/V | deyr=2.01 pm/V
Spatial walk-off 0=26.1 mrad p=55.85 mrad
Spatial walk-off length Ls=0.48-5.25 mm| Lg=1.02-11.39 mm
Temporal walk-off [=173 fs/mm £=84.8 fs/mm
Temporal walk-off length Ly=1.5 mm L;=2.95 mm
TABLE 2
FOCUSING PARAMETERS IN BIBO AND BBO CRYSTALS
BIBO BBO
Lens, f(mm)  wp (um) & Ls(mm)  wp (um) & Ls (mm)
25 13.37 2.63 1.02 14.91 2.86 0.48
50 20.12 1.16 1.54 17.11 1.75 0.61
100 40.21 0.29 3.08 27.88 0.47 1.18
150 62.95 0.12 4.82 33.07 0.16 1.99
200 89.16 0.06 6.83 55.81 0.07 3.05
300 148.75 0.02 11.39 85.37 0.02 5.25

Figure 2 shows the variation of the SH efficiency in BBO and BIBO crystals as a function of
the focusing parameter, &. For completeness of the study, we present here the relevant results
obtained in our earlier work on the BIBO crystal [21] in Fig. 4(b). The filled circles correspond to the
experimental efficiency values obtained under the six different focusing conditions. The solid curves
are calculations for different conditions of temporal walk-off (A) and spatial walk-off (B) based on
different theoretical models described below. As evident from Fig. 2(a), the SH conversion efficiency
obtained with the BBO crystal increases with tighter focusing, reaching a maximum values of 41.65%
at &£ = 1.75, and decreases with further increase in &. Similarly, as shown in Fig. 2(b), for the BIBO
crystal the maximum SH efficiency of 46.5% is reached for & = 1.16, beyond which, there is once
again a decline. Under similar experimental conditions, BIBO provides higher SH efficiency than
BBO, mainly due to its superior nonlinear coefficient.

To calculate the optimal value of & for the highest SH efficiency under our experimental conditions,
we used three theoretical models, which are represented by the different color curves in Fig. 2. The
theoretical models correspond to three different cases involving temporal walk-off (A) and spatial
walk-off (B):

Case 1: Blue curve represents the theoretical model that includes the effects of both
temporal and spatial walk-off (A = 0, B # 0) in optimum focusing [17].

Case 2: Black curve represents the theoretical model that considers only spatial walk-off
(A=0, B=0)[16].
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Fig. 2. Variation of SH efficiency as a function of focusing parameter, &, for (a) BBO and (b) BIBO at
the maximum input fundamental power of 5 W. The solid curves are theoretical calculations for three
different cases involving spatial and temporal walk-off. Blue curve: includes both spatial and temporal
walk-off. Black curve: includes only spatial walk-off. Red curve: includes only temporal walk-off. Dotted
lines at & = 1.60 and & = 1.72 represent theoretical optimum focusing for BBO and BIBO crystals.

Case 3: Red curve represents the model that considers only temporal walk-off (A = 0,
B=0)[19].
The parameters representing the effect of temporal walk-off (A) and spatial walk-off (B) are given
by [17]

4 (a2+;6)ln2 ;i_L )
p
kil
p\/21_ @)

and
o=+A?+4B% (3)

Here, o represents the amount of chirp in the fundamental pulse, g is the group velocity mismatch
between the fundamental and SH pulse [17], p is the spatial walk-off angle in the crystal, 7, is the
fundamental pulse width, ki is the wave-vector of the fundamental radiation, and L is the crystal
length. Substituting the parameter values for BBO (8 = 84.75 fs/mm, p = 55.85 mrad) and BIBO
(B=173 fs/mm, p = 26.1 mrad) crystals, and the pulse duration (FWHM) of the fundamental,
7, = 260fs, into (2) and (3), we calculate the temporal and spatial walk-off parameters for the
5-mm-long BBO and BIBO crystals to be A= 1.9, B=6 and A = 4.07, B = 2.9, respectively. For
simplicity, we consider that our fiber laser has negligible chirp ( « = 0).

In order to calculate the dependence of SH efficiency on & for the three different cases, we use
the dimensionless function hp, (A, B, &) [16]

£ 40Pt —1e2)? /4E2
A BE 4%_/ / e d‘L’X1de2 (4)

1 — I‘L'X1 1 — I‘L'Xg)

where 1,1 = 2z/by1 and 1,0 = 27/by,, With byy and by, being the confocal parameters of the Gaussian
fundamental beam in the horizontal and vertical directions, respectively, and o as defined by (3).
Using the values of A and B, we can then derive the SH efficiency as a function of & under the
three conditions. For A #+ 0 and B # 0, we derive the blue curves in Fig. 2, which account for the
effect of both temporal and spatial walk-off in optimum focusing (case 1), as in [17]. For no temporal
walk-off (A = 0), the same function is represented by the black curves, which include only the effect
of spatial walk-off (case 2), as in [16]. With no spatial walk-off (B = 0), the calculation results in the
red curves, which include only the effect of temporal walk-off (case 3), as in [19].

As evident from Fig. 2(a) and Fig. 2(b), there is a relatively strong discrepancy between the red
curve and our experimental data for each crystal, whereas the blue and black curves are in good
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Fig. 3. Variation of SH efficiency as a function of focusing parameter, &, for (a) BBO and (b) BIBO at
lower fundamental average powers of 3 W and 0.5 W, respectively.

agreement with both sets of measurements. This confirms that the finite spatial walk-off plays a vital
role in the variation of conversion efficiency with the focusing strength in both crystals, as expected.
On the other hand, the nearly identical behavior of the blue and black curves in Fig. 2(a) suggests
that the temporal walk-off has negligible or no effect on optimum focusing condition in the BBO
crystal, which is due to its small temporal walk-off parameter (A = 1.9) arising from a lower GVM
(B = 84.75 fs/mm). Our experimental findings also agree with the earlier theoretical predictions
in [17] and [18]. In case of BIBO, shown in Fig. 2(b), we again find close correlation between
the blue and the black curves. This implies that although the BIBO crystal has a larger temporal
walk-off parameter (A = 4.07), almost twice that of BBO (A = 1.9), its role in the optimization of
SH conversion efficiency with focusing still remains small. The experimental data in Fig. 2(b) are
most closely in agreement with the black curve predicted by BK theory [16]. This suggests that
even if temporal walk-off is more significant in BIBO, spatial walk-off still remains the dominant
factor dictating the optimum focusing condition. On the other hand, for large values of GVM in the
nonlinear crystal and/or shorter fundamental pulses, temporal walk-off can play an increasingly
significant role in the optimization of focusing for SHG [17], [19]. By fitting our experimental data to
BK theory [16], represented by the black curves in Fig. 2(a) and 2(b), we find the optimum values of
& =1.72 for BBO and & = 1.6 for BIBO. The shift in the optimum & value towards tighter focusing in
BIBO as compared to BBO is due to the higher spatial walk-off parameter in BBO (B = 6) relative
to BIBO (B = 2.99), which is consistent with BK theory [16].

It is also to be noted from Fig. 2(a) that although the blue and black curves closely fit the
experimental data for BBO, one can clearly observe a more significant deviation between the blue
and black curves in the case of BIBO in Fig. 2(b). This deviation can be attributed to the saturation
effect and back-conversion at higher fundamental powers arising from the higher nonlinear gain
in BIBO. To verify this, we measured the conversion efficiency in both crystals as a function of
focusing at lower fundamental powers of 3 W in BBO and 0.5 W in BIBO, with the results shown in
Fig. 3. As evident from Fig. 3(a), for BBO the experimental data is again in good agreement with
the theoretical calculation (blue and black lines), as in Fig. 2(a). At the same time, as can be seen
in Fig. 3(b), the experimental data for the BIBO crystal at lower fundamental powers are now also
in very close agreement with the theoretical calculation unlike in Fig. 2(b), in the absence of
saturation and back-conversion. It is to be noted that BK theory [16] is valid under the approximation
of low fundamental depletion and, hence, small conversion efficiency.

From the above study, we thus find that in the presence of both double-refraction and GVM,
the optimum focusing condition for SHG of femtosecond pulses in both BBO and BIBO is much
more strongly influenced by spatial walk-off than temporal walk-off. Although the behavior might be
different for very high values of GVM [19], we can conclude that for moderate temporal and spatial
walk-off, the BK theory [16] relevant to frequency-doubling of cw and long-pulse lasers, is also valid
for SHG of ultrafast lasers.
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Fig. 4. SH power and efficiency scaling results for BBO and BIBO crystals at different focusing conditions
of (a) £ = 1.75(BBO), ¢ = 1.16 (BIBO), and (b) &£ = 0.02 for both the crystals.

3.2. Power scaling and saturation effects

To study saturation effects at high conversion efficiency, we investigated the power scaling properties
of BBO and BIBO crystals under two different focusing conditions. First, we focused the pump beam
using a lens of focal length, f= 50 mm, to achieve optimum focusing condition of £ = 1.75 in BBO
and £ = 1.16 in BIBO, for maximum SH efficiency, and measured the output power as a function
of the input fundamental power. The results are shown in Fig. 4. As evident from Fig. 4(a), under
optimum focusing conditions, the SH power from the BIBO crystal increases almost linearly with
input power, resulting in an output power of 2.25 W for 5 W of fundamental power. While one should
expect a quadratic dependence of SH power on the pump power, the linear behavior of the SH
power with pump power can be attributed to the saturation effect. This is also evident from the SH
efficiency which remains almost constant at ~46.5% for fundamental powers above ~2.5 W. On
the other hand, for the BBO crystal, we observe slight quadratic dependence of the SH power on
pump power, resulting in a single-pass output power of 2.07 W for 5 W of input power. However, in
this case, the SH efficiency exhibits small or no saturation effect. The maximum SH efficiency in the
BBO crystal is measured to be ~41.65% at 5 W of fundamental power. To gain more insight into
the saturation effects in the two crystals, we repeated the same set of measurements, but this time
by loosely focusing the pump beam using a lens of focal length, f = 300 mm, providing the same
focusing factor of &€ = 0.02 in both the crystals. The results are shown in Fig. 4(b). As evident from
the plots, both crystals now show clear quadratic variation of SH power with input pump power,
resulting in 0.46 W (0.95 W) of green power at 9.4% (18.6%) conversion efficiency in BBO (BIBO).
The conversion efficiency is almost linear with respect to pump power for both crystals, indicating
the absence of saturation effect under loose focusing.

To understand the saturation effect in both crystals under similar experimental conditions, we
consider the SHG conversion efficiency in the plane-wave approximation, with no depletion of the
fundamental wave, as given by [22]

_ Pgw(L)_ P, L27 | > ((AKL
= —Pa) ©0) Tnorm [—A sinc >

2 2
87 dy

N2 n,Ce0A2

Thorm = (5)
where nnorm is the normalized SHG conversion efficiency; P, is the input fundamental power; A
is the fundamental beam area; dgs; is the effective nonlinear coefficient; n, and n»,,, are refractive
indices of the crystal at fundamental and SH wavelengths, respectively; sq is the permittivity of free
space; c is the velocity of light; 1, is the fundamental wavelength; Ak is the phase mismatch; and
L is the crystal length. Under perfect phase-matching (Ak = 0) and similar experimental conditions
(same pump power and beam area), the normalized SH efficiency of BIBO (1£!20) is ~2.2 times that
of BBO (1289). This is due to the higher nonlinear coefficient of BIBO (dest = 2.96 pm/V) compared
to BBO (dett = 2.01 pm/V). Now, we can take the ratio of the SH efficiency of BIBO and BBO
crystals shown in Fig. 4(a) and 4(b), and plot the ratios as a function of the input fundamental
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Fig. 5. Variation in the ratio of SH efficiencies of BIBO and BBO crystals as a function of input pump
power focused using two lenses of focal length, f= 50 mm and f = 300 mm.
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Fig. 6. Typical intensity autocorrelation traces of the green pulses generated from (a) BBO and
(b) BIBO at the maximum output power. (Inset) Corresponding SH spectra centered at 532 nm.

power. The result is shown in Fig. 5, where we see that for optimum focusing in both crystals (using
f =50 mm lens), a value of B8O /yBBO ~2 4.2 is maintained at lower powers up to ~1 W, but
drops to 1.09 at the higher pump powers up to 5 W. On the other hand, under loose focusing (using
f= 300 mm lens), the ratio of the SH efficiency remains almost constant at 5/80 /B8O ~2 6-2.02
for all fundamental powers. This observation clearly indicates that for higher values of focusing
parameter, &, corresponding to tighter focusing, the SH efficiency in BIBO is increasingly saturated.
The result also accounts for the slight deviation of the experimental data in Fig. 2(b) from the black

curve based on the BK theory [16].

3.3. Temporal and spectral characterization of SH pulses

We also characterized the output pulse duration and spectral bandwidth of the green radiation
generated by the BBO and BIBO crystals, with the results shown in Fig. 6. The measurements
were performed under optimum focusing condition for both crystals (using a f = 50 mm lens),
while generating maximum green power when pumping at ~5 W of fundamental power. The in-
tensity autocorrelation traces of the SH pulses generated by the two crystals are shown in Fig.
6(a) and (b). As can be seen, the autocorrelation profiles conform to Lorentzian pulse shape with
measured FWHM duration of ~383 fs in BBO and ~352 fs in BIBO. Taking account of the de-
convolution factor (0.5) for Lorentzian pulse shape, we estimate a SH pulse width of 191 fs for
BBO and 176 fs for BIBO. We also measured the spectrum of the generated green radiation for
both crystals using a CCD-based spectrometer. The results are shown in the insets of Fig 6(a)
and Fig. 6(b). The measurements result in a FWHM spectral bandwidth of 2.35 nm for BBO and
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Fig. 7. Variation of the ratio of SH pulse duration and FWHM spectral bandwidth with respect to that
of the input fundamental as a function of the focusing parameter, &, in (a) BBO and (b) BIBO. Loose
focusing is the condition when the confocal parameter, b, is much larger than the crystal length, L. In
other words, the loose focusing corresponds to the condition, & « 1.

2.45 nm in BIBO, both centered at 532 nm. The time-bandwidth product (AtAv) of the green ra-
diation generated by the two crystals is thus calculated to be ~0.54 for BBO and ~0.46 for BIBO,
both close to the transform limit. The deviation of the SH pulses from the transform limit is mainly
attributed to the non-transform-limited fundamental pulses (AtAv = 1.04). Pulse broadening of the
fundamental due to the group velocity dispersion (GVD) is calculated to be only a few femtosecond,
and thus has negligible effect on the SHG process and output temporal duration. We also analyzed
the pump spectrum before and after the crystal. We saw no distortion in the pump spectrum after
the crystal. The flat spectrum of the fiber pump laser shows substantial depletion verifying high
single-pass SHG efficiency, as noted earlier.

3.4. Effect of focusing on temporal and spectral characteristics

We also studied the variation in pulse duration and spectral bandwidth of the generated green
radiation as a function of the focusing parameter, &, for both crystals. We pumped the crystals at
the maximum available fundamental power of ~5 W and measured the pulse duration and spectral
bandwidth of the SH output pluses in each case. We then plotted the ratio of the SH pulse duration
and spectral bandwidth to that of the input fundamental as a function of &. The results are shown
in Fig. 7, where the pulse duration and spectral bandwidth of the pump are ~260 fs and ~15 nm,
respectively. For completeness of the current study, we have reproduced the results of Fig. 7(b)
from [21]. As evident from Fig. 7(a), the ratio of the SH pulse duration (solid circles) to the pump
pulse duration in the BBO crystal has a small variation from 1.1 to 0.51 as the focusing parameter
increases from & = 0.02 to 2.86. The corresponding ratio of the SH spectral bandwidth (open circles)
relative to that of the pump varies from 0.51 to 0.42 with increasing &, reaching a maximum of 0.7 at
& =1.75. On the contrary, the BIBO crystal shows significant variation in the SH pulse duration and
spectral bandwidth with focusing. As can be seen from Fig. 7(b), the ratio of the SH pulse duration
to that of the pump (solid circles) decrease rapidly from 1.75 to 0.83 for an increase in the focusing
parameter from & = 0.02 to 0.29, beyond which the ratio remains almost constant up to & = 2.86.
At the same time, the ratio of the SH spectral bandwidth to that of the pump (open circles) shows
inverse behavior to the temporal pulse duration. With the increase in &, the spectral bandwidth ratio
shows a sharp increase from 0.44, but in the tighter focusing regime (& > 0.29) it shows a slower
variation with focusing. The time-bandwidth product of the generated SH pulses is calculated to
vary over Atsyn Avgh ~0.58 — 0.22 for BBO and Atsp Avsy ~0.8 — 0.46 for the BIBO crystal with the
increase in the focusing parameter from & = 0.02 to 2.86 and, hence, with tighter focusing.

The dependence of temporal pulse duration and spectral bandwidth on focusing for different
values of temporal and spatial walk-off in the two crystals can be explained as follows. The confocal
parameter, b, determines the effective length of the nonlinear crystal over which efficient nonlin-
ear interaction takes place. For a fixed physical length of the crystal (L), the value of b reduces
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Fig. 8 (a) Variation of the normalized SH power as a function of the internal angular deviation measure at
the maximum SH power for both BBO and BIBO. (b) Variation of the SH angular acceptance bandwidth
as function of the focusing parameter for both BBO and BIBO crystals.

with tighter focusing. However, in the presence of spatial walk-off, the effective interaction length
of the crystal is further reduced. As a result, an increase in the spectral acceptance bandwidth
of the crystal is expected. Therefore, for a given spectral bandwidth of the fundamental (Avgyng)
that is larger than the spectral acceptance bandwidth of the physical crystal, more pump band-
width can be exploited in the SHG process with tighter focusing and stronger spatial walk-off,
hence increasing the bandwidth of the SH radiation. As evident from the open circles in both
Fig. 7(a) and Fig. 7(b), we also observe this experimentally. The bandwidth of the generated SH
radiation is large under tight focusing and decreases with loose focusing, becoming almost constant
for £ < 1 and & < 0.4 for BBO and BIBO crystals, respectively. Another important factor influencing
the temporal duration and spectral bandwidth of the SH pulses is the temporal walk-off length of
the crystal. Under our experimental conditions, the BBO and BIBO crystals have temporal walk-off
length of L+ = 2.95mm and 1.5 mm, resulting in a ratio of physical length to temporal walk-off
length (L /L) of 1.69 and 3.3, respectively. As theoretically predicted earlier [19], we experimentally
observe that in the case of BBO, which has a low L /L; as compared to BIBO, there is a small
variation in the SH pulse duration with focusing and, hence, with the effective interaction length
over which temporal walk-off between the fundamental and SH pulses occurs.

3.5. Effect of focusing on angular acceptance bandwidth

We also investigated the effect focusing on angular phase-matching acceptance bandwidth for
frequency doubling of femtosecond pulses under different temporal and spatial walk-off conditions
in the two crystals, with the results shown in Fig. 8. We used a lens of f = 25 mm to focus the
fundamental beam into the two crystals, resulting in a focusing parameter of & = 2.86 in BBO
and ¢ = 2.63 in BIBO. We then measured the angular acceptance bandwidth of 5-mm-long BBO
and BIBO crystals. The result is shown in Fig. 8(a), where it is evident that BIBO exhibits a wider
angular acceptance bandwidth (Afggo = 15.93mrad) than BBO (Afggo = 11.69mrad). These
experimentally measured values are significantly larger than the theoretical angular acceptance
bandwidth for 5-mm BIBO (Afggo = 4.62 mrad) and 5-mm BBO (Afggo = 2.30 mrad) [23]. Such
deviation is expected and is attributed to tight focusing (¢ > 2), as well as the wide spectral band-
width (AAx ~ 15 nm) of the fundamental beam. However, with increasingly loose focusing, the angular
acceptance bandwidths are expected to approach the theoretical values. This is confirmed in Fig.
8(b), where the variation of experimentally measured angular acceptance bandwidths of the BBO
and BIBO crystal, obtained using lenses of decreasing focal length, is plotted as a function of the
focusing parameter. Such variation of angular acceptance bandwidth with focusing factor can be
understood as follows. As we know, the effective length of the nonlinear crystal changes with focus-
ing. Under very tight focusing, the effective interaction length is significantly reduced compared to
the physical length of the crystal, resulting in broadening of the acceptance bandwidth and its devi-
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Fig. 9. Long-term power stability over 1 hour and spatial beam profile of the SH beam generated from
(a) BBO and (b) BIBO nonlinear crystals, while operated at respective optimum focusing conditions.
The SH spatial profiles are recoded for lenses of focal length, f= 300 and 100 mm, for both the crystals.

ation from the value under perfect phase matching. Under loose focusing, the effective interaction
length of the crystal is increased, restricting the angular acceptance for phase-matching toward the
perfect phase-matching condition. However, when the effective interaction length becomes equal
to the physical length, further loosening of focusing has no further impact, resulting in a constant
angular acceptance bandwidth. This is evident in Fig. 8(b), where the angular acceptance band-
width of both BBO and BIBO crystals is very large under tight focusing (low value of 1/¢), gradually
decreasing with looser focusing, and finally under very loose focusing (high value of 1/&), becoming
almost constant and close to the theoretical value. The angular acceptance bandwidth in case of
5-mm-long BBO crystal varies from 11.69 mrad to 1.33 mrad with increasingly looser focusing from
1/& = 0.35 to 50. Similarly, for BIBO, we observe angular acceptance bandwidth variation from
15.9 mrad to ~4.28 mrad for looser focusing from 1/& = 0.38 to 8.3. However, it is to be noted that
at any given focusing the angular acceptance bandwidth of BIBO crystal is wider than that of BBO
crystal, which is expected due to the lower spatial walk-off in BIBO.

3.6. Power stability and spatial beam profile

We further investigated the output power stability and spatial quality of the generated SH output
beam in both crystals under optimum focusing condition for maximum SH power and efficiency,
using a lens of focal length, f= 50 mm, and at the full pump power of ~5 W. The results are shown
in Fig. 9. As can be seen, both BBO and BIBO crystals exhibit very similar SH power stability with a
peak-to-peak fluctuation as low as ~3.3% for BBO and ~4% for BIBO. Such observation indicates
that temporal and spatial walk-off parameters do not play any role in the instability in SH output
power, as expected. However, spatial walk-off parameter is expected to make a definite contribution
to the spatial profile of the SH output beam. To verify the effect of spatial walk-off, we loosely focused
(¢ ~ 0.02) the pump beam using a lens of focal length, f = 300 mm, at maximum pump power,
and measured the far-field energy distribution of the SH beam at a distance >2 m from the crystal
in each case using a CCD-based beam profiler. The results are shown in the inset of Fig. 9(a)
for BBO and Fig. 9(b) for BIBO. As evident, the SH beam from both crystals has excellent TEMgg
spatial profile with circularity, of >90% for BBO and >98% for BIBO. The higher beam circularity
in BIBO under same focusing condition is clearly due to the lower spatial walk-off in BIBO (B =
2.99) compared to BBO (B = 6). However, with the increase in the focusing factor, &, under tighter
focusing, the circularity of the SH output beam was observed to degrade but more severely and
rapidly in the case of BBO than BIBO. When using a focusing lens of focal length, f= 100 mm, the
circularity of the SH output beam was reduced to >34% for BBO (¢ = 0.47) and >74% for BIBO
(¢ = 0.29). The results are shown in the inset of Fig. 9(a) for BBO and Fig. 9(b) for BIBO. For the
strongest focusing, using a lens of focal length, f=25 mm, resulting in the highest value of £ =2.86
in BBO and & = 2.63 for BIBO, the SH beam circularity was reduced to as low as a few percent in
both cases due to the onset of high spatial walk-off. We measured the M 2-value of the SH beam
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generated by the BIBO crystal under optimum focusing condition (¢ = 1.16) to be M)Z( ~ 4.02 and
M$ ~ 1.78, clearly confirming the deterioration of SH beam from a perfect TEMyq distribution. In
the case of BBO, however, under optimum focusing condition (¢ = 1.75), we could not measure its
M 2-value due to high ellipticity of the SH beam. From these measurements, we can conclude that
while the higher SH conversion efficiency and output power can be realized under tighter focusing
conditions, this will result in a reduction in beam circularity and a deviation from TEMgo profile.
The circularity of the SH output beams can, however, be readily improved using cylindrical beam
shaping optics.

4. Conclusions

In conclusion, we have experimentally studied frequency-doubling of high-average-power fem-
tosecond pulses from an ultrafast Yb-fiber laser at 1064 nm into the green using thick nonlinear
crystals with different temporal and spatial walk-off parameters. Using single-pass SHG in BBO
and BIBO, we have investigated the effect of focusing on the SH efficiency and found the opti-
mum focusing conditions for the 5-mm-long BBO and BIBO, respectively, in the presence of spatial
and temporal walk-off. These results are in good agreement with the theoretical calculations per-
formed using practical values. Under optimum focusing conditions, we were able to generate up to
2.25 and 2.05 W of green output in single-pass configuration for a maximum available fundamental
power of ~5 W at 78 MHz pulse repetition rate. We also investigated the effect of focusing on the SH
power and efficiency saturation. Spectral and temporal characterization of the generated SH pulses
have been performed, and the variation of output spectral bandwidth and pulse duration as function
of the focusing parameter, &, has been studied. Moreover, the angular acceptance bandwidths of
both crystals for SHG into the green have been measured under various focusing conditions and
their dependence on the effective interaction length resulting from the spatial and temporal walk-off
has been analyzed. This comparative study provides a systematic analysis for the attainment of
optimum SH performance with regard to output power, spectrum, pulse duration, and beam quality
of the generated green beam in the presence of limiting factors of spatial and temporal walk-off
in thick BBO and BIBO crystals for single-pass SHG of the state-of-the-art femtosecond Yb-fiber
lasers. An important overall conclusion of the present study is that the performance of the SHG
process is far more strongly dictated by spatial walk-off than temporal walk-off.
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