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Spatially chirped pulses for low NA, high aspect ratio 
backside femtosecond laser ablation

The challenge - ablation inside transparent materials

This work was inspired by :
Oron et al., Opt. Express, Vol. 13, 1468 (2005).
Zhu et al., Opt. Express, Vol. 13, 2153 (2005).

C.G. Durfee, M. Greco, E. Block, D. Vitek, and J.A. Squier, “Intuitive analysis of space-time focusing with double ABCD calculation,”  Opt Express, 20, 14244 (2012).
C.G. Durfee, M. Greco, E. Block, D. Vitek, and J.A. Squier, “Intuitive analysis of space-time focusing with double ABCD calculation,”  Opt Express, 20, 14244 (2012).

C. Durfee, M. Greco, E. Block, D. Vitek, J. Squier, Opt. Express, 20, 14244 (2012).

Simultaneous spatial and temporal 
focusing (SSTF)

x Single beamlet focus

SSTF focus

• Spatially separate spectrum at lens
• Concentrate and overlap spectrum at focus

Micromachining with space-time focusing

1.2 mm

35 µm



Micromachining with space-time focusing

Amplified, low NA beams have reduced sectioning as shown in the TPEF images 
above. SSTF retains axial localization.

Single photon 
excitation

Two-photon 
excitation

Figure from: “Nonlinear magic: multiphoton microscopy in the 
biosciences,” W. Zipfel, R. Williams, W. Webb, Nature 
Biotechnology,1369-1377 (2003).

0.69mm*

7.4mm*
*1/e2 radius of the central intensity

Beam aspect ratio

Amount of spatial chirp impacts effectiveness of temporal focusing.
Reduces the out of focus intensity.

 

spatially chirped beam diameter. The depth of focus is measured as the half width at half 
maximum (HWHM) amplitude of the axially dependent intensity profile. The peak value of 
the intensity was recorded for each axial position in the simulation. The HWHM was then 
calculated for the full peak-intensity profile, and this process was repeated for each value of 
the BAR. We observe that the B-integral steadily decreases as the BAR increases (inset to Fig. 
6). For example, increasing the BAR from 4 to 8 results in more than a factor of 10 
improvement. The BAR in our experiments was 11. 

 
Fig. 6. The depth of focus (DOF) and the B-integral as a function of the beam aspect ratio. All 
quantities are scaled by the value for an unchirped beam (BAR = 1). 

4. Results and discussion 

We directly compared the channel aspect ratios obtained for backside and front side 
machining at low NA, with and without temporally focused pulses, respectively (Figs. 7(a), 
7(b)). The image in Fig. 7(a) provides a 3D rendering of a channel ablated on the backside of 
the 6 mm fused silica sample. The image was collected with an Olympus OLS4000 confocal 
microscope. The channel was ablated at a rate of 25 µm3 per 80 µJ pulse. The images in Figs. 
7(c), 7(d) show side views of a deeper channel ablated on the back surface with the same 
machining parameters. The image in Fig. 7(b) shows a channel fabricated on the front surface 
without spatially chirped pulses, i.e., a conventional machining geometry. The most notable 
difference between the data in Figs. 7(a) and 7(b) is the slope of the sidewalls. The Olympus 
microscope was able to resolve indents sloped �5° from normal. The sloping of the channel 
walls for the microchannel fabricated on the front side was 22°. For the channel fabricated on 
the backside, the limit of 5° was reached indicating that the channels are sloped �5° from 
normal, i.e., the slope measurement is limited by the microscope. 
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FWHM
I(z)

e.g. BAR= 7.4mm/0.69mm 
~11



SSTF focus

 

 

Fig. 4. Geometric optics model. (a) The beam was ray-traced through the focus of a 25 mm 
focal length, 90 degree off-axis parabola. The center wavelength and the FWHM edges of the 
spectrum were represented by green, blue and red rays, respectively. (b) The shape of the beam 
spot in x (chirped dimension) and y (unchirped dimension) was simulated at several axial 
positions through focus. At focus (z = 0) the beam spot was symmetric. (c) An image of the 
focal plasma in air. (d) The shape of the beam spot was asymmetric at focus with the addition 
of 6 mm of fused silica to simulate backside machining. 

While ray-tracing provides details on the geometrical aspects of beam propagation that 
result from temporal focusing, we gain additional insight into the behavior of the laser pulses 
by calculating the spatio-temporal pattern of a pulse as it propagates through free space (Figs. 
5,6). In particular, the pulse appears as a traveling wave that is transform-limited in time as 
well as diffraction-limited in space (Fig. 5(e)); see also Coughlan et al. [12]. 

 

Fig. 5. Spatio-temporal beam propagation. Beam propagation was simulated in the spatially 
chirped dimension, x, generated by Fourier pulse propagation using the non-paraxial 
propagator. We begin from (a) the lens at z = 0 and proceed in (b)-(e) to the focal plane at z = f. 
Note that the spatial scale has changed between (c) and (d) by a factor of 10. Above each 
spatio-temporal plot is a lineout at x = 0 with a corresponding temporal axis. 

The success of temporal focusing for backside micromachining lies with the improvement 
in the axial confinement and the reduction in the out-of-focus nonlinear interaction with the 
substrate. In Fig. 6 the depth of focus and the nonlinear phase accumulation, referred to as the 
B-integral, are plotted as a function of the spatial chirp. The degree of spatial chirp is given by 
the beam aspect ratio (BAR): the ratio of the spatially chirped beam diameter to the non-
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Snapshot of Focus

We can achieve a diffraction limited spot with SSTF 

x

y

x

y

Conventional focus

66 J. H. MARBURGER 

For P/P, 2 1.5, the following analytical formula is a rather good representation of the 
axial intensity obtained numerically’47’ (for gaussian beams) 

I(z) 1 ---~ 
I(0) [I - (z/z, )2]“2 

(6.8) 

where c( is plotted in Fig. 18 and approaches unity for P 2 IOOP,. For high powers, an 
approximate analysis proposed by Kelley leads to this formula. For low powers, 
P 5 0.25P2, the following formula works well: 

l(z) 1 ---= 
I(O) I + [ 1 - (P/PJ z”,‘k,‘,a”’ (6.9) 

This expression is similar to one derived using the weak focusing-constant shape approxi- 
mation. The approximate theories from which these formulas may be obtained are dis- 
cussed in Section 8. 

If the incident phase fronts are not plane, then the self-focal position changes according 
to the lens formula (5.9). The new self-focus occurs at zfR, where R is the focal length of 
the incident phase front, and 

1 1 I --- - 
R zt 

(6.10) 
=lR 

This can be inserted in eqn. (6.4) to obtain the relation between power and focal intensity 
for focused beams. If R < 0 (diverging beam), then the critical power is increased to PZR: 

P 
t-j 

112 
2R I 

P 
= 0.852 + CO.0219 + (0.367 koa2/R)2]1!2. (6.11) 

This is the same as eqn. (6.4) with z, replaced by R, so Fig. 18 depicts Pig vs l/R, as well 
as Pli2 vs l/zr. If R > 0 (converging beam) the power required to form a singularity any- 
where is still P2, and the singularity first appears at the geometrical focal point. All these 
features are in excellent quantitative agreement with the numerical solutions. Figure 20 

FIG. 20. Axial intensity for beams focused toward the axial point I = ka’. The ratio PIP, for the 
lower power beams is indicated on the right. The point of maximum intensity does not quite reach 
the geometrical focal point at P = P,. probably because of the relatively coarse numerical scheme 

employed. 

Energy starts at 104 µJ, increased by 
~3.5 times to 358 µJ

Focus axially shifted ~200um toward the 
lens

Marburger, Prog. Quant. Electr.,Vol 4, 
pp.35-110 (1975)

Self-focusing present with conventional pulses.



SSTF focus

Energy starts at 104 µJ, 
increased by ~9 times to 900µJ 
(3x more than conventional) 

No shift in axial position

No distortion

Self focusing is suppressed with 
SSTF pulses.

SSTF vs Standard focus - efficiency can be an issue

358 µJ is best we can do for standard focus - 900 µJ is possible with SSTF



SSTF vs Standard focus - effects of dispersion

Focus moves toward lens as dispersion is 
optimized. ~16000 fs2 steps per panel

Standard focus - images of plasma breakdown in air

SSTF vs Standard focus - effects of dispersion

Focus moves across paraxial focus. ~8000 fs2 
steps per panel

SSTF - images of plasma breakdown in air



Impact of dispersion in SSTF

GDD shifts focus & lowers 
peak intensity
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Fig. 4. Contributions to axial intensity localization. The outer dashed line corresponds to
the axial intensity for the non-spatially-chirped beamlet. The next line in (blue) accounts
only for the change in beam fluence that arises from spreading the beam at the lens in
the x-direction. When the on-axis spectral width is calculated, the minimum possible pulse
duration is increased away from the focus, resulting in the third curve (black, solid). The
full Fresnel calculation shows further localization resulting from the geometric chirp (red).

Equation (31) for the axial intensity assumes a perfectly-aligned optical system. There are
several degrees of freedom that must be aligned to achieve the maximal axial localization. As
noted above, input chirp (!2in) can combine with the geometric chirp to shift the plane at which
the pulse is compressed. This feature of space-time focusing has been used to scan the focal
plane along the z-axis [2, 11]. The analysis above clearly shows that while the plane where
!2 = 0 can be moved throughout the confocal parameter (see Fig. 2), the peak intensity and the
localization suffer because the plane of zero chirp is moved to a position where the different
frequency beamlets are not fully overlapped. (see Fig. 5(a)). The pulse duration is longer even
though there is no spectral chirp because it is limited by the local bandwidth [Eq. (27)]. The
increase in the beam area away from the wavelength crossing plane also decreases the peak
intensity. The axial tuning is illustrated in Fig. 5(a).
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Fig. 5. Variation of the axial intensity with input spectral chirp (!2) for a beam focused
with a beam aspect ratio of "BA = 4 and a transform-limited pulse duration of 40 fs. In
both graphs, the second-order phases are !2 = 0 (red), !2 = 2000 fs2 (blue), !2 = 4000 fs2
(green). (a) No input third-order phase. (b) Positive input !3 = 2!105 fs3

Figure 5(b) shows the variation of the axial intensity profile with input second-order phase
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Fig. 4. Contributions to axial intensity localization. The outer dashed line corresponds to
the axial intensity for the non-spatially-chirped beamlet. The next line in (blue) accounts
only for the change in beam fluence that arises from spreading the beam at the lens in
the x-direction. When the on-axis spectral width is calculated, the minimum possible pulse
duration is increased away from the focus, resulting in the third curve (black, solid). The
full Fresnel calculation shows further localization resulting from the geometric chirp (red).

Equation (31) for the axial intensity assumes a perfectly-aligned optical system. There are
several degrees of freedom that must be aligned to achieve the maximal axial localization. As
noted above, input chirp (!2in) can combine with the geometric chirp to shift the plane at which
the pulse is compressed. This feature of space-time focusing has been used to scan the focal
plane along the z-axis [2, 11]. The analysis above clearly shows that while the plane where
!2 = 0 can be moved throughout the confocal parameter (see Fig. 2), the peak intensity and the
localization suffer because the plane of zero chirp is moved to a position where the different
frequency beamlets are not fully overlapped. (see Fig. 5(a)). The pulse duration is longer even
though there is no spectral chirp because it is limited by the local bandwidth [Eq. (27)]. The
increase in the beam area away from the wavelength crossing plane also decreases the peak
intensity. The axial tuning is illustrated in Fig. 5(a).
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Fig. 5. Variation of the axial intensity with input spectral chirp (!2) for a beam focused
with a beam aspect ratio of "BA = 4 and a transform-limited pulse duration of 40 fs. In
both graphs, the second-order phases are !2 = 0 (red), !2 = 2000 fs2 (blue), !2 = 4000 fs2
(green). (a) No input third-order phase. (b) Positive input !3 = 2!105 fs3

Figure 5(b) shows the variation of the axial intensity profile with input second-order phase
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I(z) GDD + Positive 
TOD (2×105 fs3)

TOD lengthens pulse 
duration & lowers peak 
intensity

Results

Craniotomy in mouse skull - performed under 5 mm of water! 

500 µm³ per 130 µJ pulse

D. Vitek et al., Opt. Express 18, 18086 (2010).
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50 µm

Writing in transparent materials - in bulk

380 µm beneath the surface of
a fused silica microscope slide.
22 µJ/pulse; 0.03 NA; 50 µm/s.

Focused on the back surface 
of a fused silica microscope slide.
27 µJ/pulse; 0.03 NA; 15 µm/s.

Writing in transparent materials - on surface

50 µm



Impact of pulse front tilt - the Quill effect

This work was inspired by:
P. Kazansky et al., Applied Physics Letters 90, 115120 (2007).

50 µm

Molded structures



Microvortex particle sorting

C. Hsu et al., Lab Chip 8, 2128 (2008).

100 µm

50 µm

100 µm

Molded structures - manipulation in microfluidic devices

Fluorescence streak image

Ablation of ocular tissue (extracted porcine lens) 
 ~4 x above the ablation threshold for  a 100 fs pulse in ocular tissue*, 0.6mm/s

• Nonlinear effects visible with focus 1 cm outside 
   of sample
• Widespread damage
• Damage to delivery system

Conventional focusing

*Giguère,J.Opt.Soc.Am. A/24 No.6 (2007)



Bubble formation with non-SSTF

SSTF ablation

• Precise targeted delivery
• Axial Intensity localization/confined ablation
• No damage to delivery system

Ablation of ocular tissue (extracted porcine lens) 
~4 above the ablation threshold for  a 100 fs pulse in ocular tissue*, 0.6mm/s

*Giguère,J.Opt.Soc.Am. A/24 No.6 (2007)



Analysis

Histology of ablated porcine lens

200 µm

With Conventional Focus:
• No control over damage zone
• Damage  up to ~1 mm in depth

With SSTF:
• Precise targeted ablation
• Ablation confined to ~200 µm in depth

 

200 µm

Same settings but dramatically different results

What do we expect?

• Black - Fluence contour of SSTF Plot
• Red - Ablation threshold fluence    
(pulsewidth dependent)

• Blue - Standard focus, fluence contour
• Black - SSTF focus, fluence contour
• Red -Ablation threshold fluence 
(pulsewidth independent)

 

200 µm

Fluence (J/cm2) vs pulsewidth (fs) Fluence (J/cm2) vs position (µm)



A micromachining system optimized for SSTF 

A. Chong, J. Buckley, W. Renninger, and F. Wise, "All-normal-dispersion femtosecond fiber laser," Opt. Express, 
vol 14, pp. 10095-10100, 2006.

F. Druon, S. Ricaud, D. N. Papadopoulos, A. Pellegrina, P. Camy, J. L. Doualan, R. Moncorgé, A. Courjaud, E. Mottay, and 
P. Georges, "On Yb:CaF2 and Yb:SrF2: review of spectroscopic and thermal properties and their impact on femtosecond 
and high power laser performance [Invited]," Opt. Mater. Express, vol. 1, pp. 489-502, 2011.

A micromachining system optimized for SSTF 

(a) Back surface ablation through 
1 mm thick borosilicate sample. 
Translation speed was 1 mm/s. 
(b) Through focus series of front 
surface ablation for identical 
conditions. Scale is same in all 
photos. 

Dark field images of channels cut at different rates. Starting from 
left, 1 mm/s, 5 mm/s, and 11mm/s.
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