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Abstract:  Previously, pulses shorter than 4 fs were generated by 
compressing white light from gas-filled hollow-core fibers with adaptive 
phase modulators; however, the energy of the few-cycle pulses was limited 
to 15 µJ.  Here, we report the generation of 550 µJ, 5 fs pulses by using a 
liquid crystal spatial light modulator in a grating-based 4f system. The high 
pulse energy was obtained by improving the throughput of the phase 
modulator and by increasing the input laser energy. When the pulses were 
used in high harmonic generation, it was found that the harmonic spectra 
depend strongly on the high order spectral phases of the driving laser fields. 
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1. Introduction  

High energy laser pulses containing a mono-cycle or few-cycle field oscillations are crucial 
for generating single, isolated attosecond pulses from gases and plasmas, as well as for many 
other high field physics studies [1-5].  Although pulses as short as 5 fs centered at 800 nm can 
be generated from Kerr-lens mode-locked Ti:Sapphire oscillators, the pulse energy is only a 
few nanojoules [6]. When the pulses are amplified to the millijoule level at a kilohertz 
repetition rate with chirped pulse amplifiers (CPA), they are broadened to more than 10 fs due 
to gain narrowing of the pulse spectrum [7]. To produce energetic few-cycle and even mono-
cycle pulses, the multi-cycle laser pulses from the CPA lasers are sent to nonlinear optical 
media such as gas-filled hollow-core fibers to broaden the spectral bandwidth so that it covers 
about one octave range (typically from 500nm to1000nm) [8, 9]. The positive chirp of the 
pulses introduced by the nonlinear processes and the material dispersions is then removed by 
pulse compressors such as chirped mirrors, prism pairs or adaptive phase modulators [10-14]. 

The most frequently used method to compress white-light pulses from hollow-core fibers 
or filaments is the chirped mirrors. A chirped mirror consists of multilayer coatings, which 
allows the different wavelength components of the incident white-light to penetrate and reflect 
back from different coating depths [15]. By carefully designing the thickness of each layer, 
the chirped mirror can exhibit negative group delay dispersion (GDD) over the spectral range 
of the light from the nonlinear medium. Very recently, sub-5 fs pulses with 400 μJ energy 
measured by second harmonic (SH) and third harmonic autocorrelators were generated by 
optimizing the chirped mirrors design and by using 23 fs pulses seeding the neon-filled 
hollow fiber [14]. However, because the negative GDD introduced by a given set of chirped 
mirrors can only be changed by a discrete amount, it is difficult to accommodate the daily 
variation of the pulses from the hollow-core fiber or other nonlinear media. As a result, the 
compressed pulse duration and shape may change from day to day. Furthermore, owing to the 
interferometric effects at the air/mirror interface and inside the coating structure, GDD ripples 
are inevitable [16]. Matched pairs of mirrors have been used to overcome this problem to a 
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certain degree, but not completely. Design and fabrication of chirped mirrors that can 
compensate high order dispersions is still a challenge. So far, chirped mirrors only 
compensate GDD and the third order dispersions, while fourth and higher order phase control 
is important for compressing pulses to a mono-cycle field oscillation. 
      Compared to chirped mirrors, adaptive phase modulators have high flexibility of phase 
control. In principle, they can be adjusted to cope with the day to day phase variations of the 
white-light pulses and to compensate the high order phase errors. In the past, by using a liquid 
crystal spatial light modulator (SLM), the white light from two cascaded hollow-core fibers 
was compressed to 3.8 fs with 15μJ pulse energy [11]. Even shorter pulses, 2.8 fs, were 
obtained by using the similar phase modulators [12, 13]. Although they are the shortest ones 
in the visible and infrared wavelength range, the energy of such extremely short pulses is only 
0.5 μJ, which is too low for many high field experiments. For example, attosecond pulse 
generation has been accomplished by using 5 fs laser pulses with more than 300 μJ [17], 
whose energy is orders of magnitude higher than what the phase modulators have delivered. 
The low pulse energy is the main obstacle to applying pulses from adaptive phase modulator 
compressors to strong field physics experiments. In fact, to the best of our knowledge, no such 
experiments have been done using few-cycle pulses from adaptive compressors. The energy 
deficiency is the result of the high loss of the phase modulator and the limited input laser 
energy. In this work, we improved the throughput of the adaptive phase modulator and 
applied it to a hollow-core fiber with high output energy in order to obtain two-cycle pulses 
with sub-millijoule energy.  

 
Fig. 1. The adaptive phase modulator. After hollow-core fiber the chirped white-light pulses 
were sent to the spatial light modulator through gratings (G1, G2) and cylindrical mirrors 
(CLM1, CLM2). The output beam was directed to the BBO. The central SH beam was used for 
FROG measurement, and one side SH beam was used as MIIPS feedback signal. The α-BBO 
polarizer and the BG3 band-pass filter worked together to eliminate the fundamental beam. The 
MIIPS retrieved phase was applied on SLM to compress the pulse. BS: beam splitter, CP: 
compensation plate, SM: spherical mirror. The dashed line represents the feedback loop. 

2. Experiment and discussion 

The home-built phase modulator for pulse compression is shown in Fig. 1. To test the 
adaptive phase modulator compressor, we used the Kansas Light Source, which is a grating-
based CPA Ti:Sapphire laser system operating at 1 kHz repetition rate [18]. More than 2 mJ, 
25 fs pulses from the laser were coupled into a 0.9 meter long, 400 μm inner core diameter  
hollow fiber filled with 2 bars of neon gas. With such high energy seeding pulses, strong self-
phase modulation produced white light whose spectrum covered more than one octave from 
500nm to 1000nm, as shown in Fig. 2. The energy of the pulse from the fiber was 1.1 mJ, 
measured before the collimation mirror. Previously the highest white-light pulse energy used 
in the phase modulator compression was 0.1 mJ [11]. Thus we gained a factor of more than 
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ten just from the input side. The energetic pulses from the hollow-core fiber were then 
collimated and sent into a zero-dispersion 4f system, which consisted of two gratings with a 
groove density of ~230 lines/mm, and two cylindrical mirrors with 50 cm focal length. A 640-
pixel liquid crystal SLM was located at the Fourier plane. The broadband laser beam from the 
hollow-core fiber was angularly dispersed by the first grating. Rather than spherical mirrors, 
silver-coated cylindrical mirrors were applied to focus each wavelength component to a line 
on the SLM to avoid damaging the liquid crystal of the SLM by the high energy pulses. The 
chirp of the pulses was removed by controlling the refraction index on each pixel of the SLM. 
The second grating recombined the different frequency components into one output beam. 

 
Fig. 2. The white-light spectrum before the phase modulator (blue) and after the phase 
modulator (red). The inset shows the transform-limited pulses for both spectra.. 

      Previously, low diffraction efficiency of the gratings was the main limiting factor of the 
overall throughput of the adaptive phase modulator.  We used two gratings with protected 
silver coatings to achieve high diffraction efficiency (average efficiency is ~80 %) over the 
bandwidth (500nm-1000nm) of our hollow-core fiber output spectrum. Also, the SLM with 
broadband anti-reflection coatings on both surfaces provided high transmission of more than 
90% in the same wavelength range. To determine the frequency response of the 4f system, the 
white-light spectrum was measured before and after the phase modulator, as shown in Fig. 2. 
Although the throughput was somewhat lower at the short wavelength side, the transform 
limited pulse duration supported by the spectrum of the output pulses was sub-5 fs, which was 
nearly the same as that of the input. With 1.1 mJ per input pulse, the output pulse energy from 
the system was 0.55 mJ, which was about 37 times higher than what was demonstrated before. 
The high throughput, 50%, was the major improvement of our adaptive phase modulator. 
      One approach to obtain the shortest pulse is to optimize the second harmonic signal by 
focusing the compressed white-light pulses to a nonlinear crystal. However, it was found that 
by optimizing the SH signal, neither genetic algorithm nor evolutionary algorithm can 
compress the pulse with high accuracy [19, 20]. Another approach is to measure the spectral 
phase of the white light from the fiber and feed the measured value to the phase modulator for 
correction. For adaptive pulse compression in the near-octave bandwidth and few-cycle 
regime, accurate retrieval of the spectral phase of the output pulses from the 4f system is 
crucial.  Our laboratory is equipped with a FROG based on second harmonic generation [21].  
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Fig. 3. The MIIPS traces (α=5, γ=7 fs). (a) from the first iteration; (b) from the last iteration; (c) 
the phase determined by the last iteration and the corresponding pulse duration.  

We found that it is difficult to measure the phase of the white-light pulses from the fiber 
before compression with high accuracy because of the poor signal to noise ratios, especially at 
the two ends of the spectrum (around ~550 nm and around ~950 nm). This is because the SH 
signal is rather low in those regions when the pulses are strongly chirped.  As an alternative, 
the Multiphoton Intrapulse Interference Phase Scan (MIIPS) method was applied [22, 23].  
      The MIIPS works by modulating the spectral phase of the pulses with the SLM while 
simultaneously recording the second harmonic (SH) spectra after the 4f system. The applied 
spectral phase at frequency ω can be expressed as Φ(ω)=αcos(γω–δ), where α and γ are two 
parameters that need to be chosen properly (In our case α =5, γ=7 fs). By linearly increasing 
the δ value, one can scan the applied GDD for each frequency ω. When dispersions higher 
than the second order are ignored, it is found that if the GDD introduced by the phase 
modulator, Φ"(ω)=αγ2cos(γω–δ), cancels out the GDD of the white light, φ"(ω), at a certain 
frequency ω then a SH signal peak appears at 2ω. After recording all the SH spectra for δ 
from 0 to 4π, the two dimensional MIIPS trace was constructed as shown in Fig. 3. By 
searching the peak position δp in the MIIPS trace for each SH frequency 2ω, φ1"(ω)=-Φ1"(ω)= 
-αγ2cos(γω–δp) is retrieved from the MIIPS pattern for the first iteration. φ1"(ω) is an 
approximate value of φ"(ω) since dispersions higher than the second order are ignored. By 
integrating φ1"(ω) twice, we obtained the phase φ1(ω) from the first iteration. To measure the 
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phase more precisely, -φ1(ω) was wrapped and applied on the SLM for the second iteration, 
which measured the phase difference φ(ω)-φ1(ω), the second iteration is done in the same way 
as the first iteration.  After about m iterations, the phase correction φm(ω) became nearly flat 
and the retrieved phase ∑φm(ω) converges to φ(ω). In our experiments, m = 8. The generation 
of the SH peak increases the signal to noise ratio. At both ends of the fundamental spectrum 
(600 nm and 900 nm), the SH peak in MIIPS is much stronger than the SH signal in the 
FROG before the phase was corrected which is the main reason we chose the MIIPS for 
measuring the initial phase of the white-light pulses.  
      In our experiments, since the GDD of white light φ"(ω) is large, φ0"(ω)=500fs2 was added 
on the SLM to pre-compensate the phase before the first iteration. The linear component of 
φ0(ω) was chosen such that the phase load per pixel was minimized [24]. The first iteration of 
the MIIPS pattern is shown in Fig. 3(a). The iterations stopped when the retrieved phase 
accuracy was higher than 0.01 radians per liquid crystal pixel over the whole fundamental 
spectrum. The MIIPS pattern after the chirp compensation is shown in Fig. 3(b).  The evenly 
spaced parallel SH strip distribution indicates that the residual GDD of the pulses is very 
small [23]. Since our MIIPS did not resolve the SH peak position clearly below 280nm or 
above 450nm, there were residual errors on both the short and long wavelength portions of the 
retrieved phase. The phase φm(ω) retrieved from the last iteration is shown in Fig. 3(c). Using 
this measured phase and the power spectrum at the exit of the 4f system shown in Fig. 2, 
Fourier transform gave the pulse duration of 4.86 fs, also shown in Fig. 3(c). 
      The second harmonic signal shown in Fig. 3 was generated in a barium borate (BBO) 
crystal with a type I phase-matching configuration.  A 5 μm thickness thin crystal was used 
for phase-matching over the broad fundamental spectrum range. The phase matching angle of 
the crystal was set at 40 degrees to enhance the frequency doubling efficiency around 600 nm 
of the white light. When the SH was measured by a customized Ocean Optics HR2000+ 
spectrometer that works in the 200nm to 600nm range, the strong fundamental laser light had 
to be blocked as to not saturate the detector. The configuration we used for detecting the 
second harmonic signal is show in Fig. 1, which is different from what was used in MIIPS in 
the past [22]. Taking advantage of the fact that the polarization of the second harmonic beam 
is orthogonal to the fundamental beam for type I phase matching, an α-BBO polarizer was 
placed after the SH generation BBO crystal to reject most of the fundamental light. A BG3 
filter was added to further suppress the fundamental signal. To increase the signal to noise 
ratio and reduce the integration time of spectrum acquisition, a fused silica UV lens with 5 cm 
focal length focused the SH signal to an optical fiber that couples the light into the 
spectrometer. Compared with the prism method that separates SH from the fundamental used 
in the past with MIIPS, our collinear configuration has higher collection efficiency, which is 
important for measuring the phase of the weak fundamental at both ends of the spectrum. 
      After the phase correction by MIIPS, the duration of the compressed pulse was measured 
by the FROG [21, 25]. Unlike the input pulses, we found that the signal to noise ratio of the 
FROG pattern obtained with the compressed pulses is good enough for robust phase retrieval. 
Our MIIPS and FROG shared the same BBO crystal, as shown in Fig. 1.  There are three 
second harmonic beams exiting the BBO crystal. The center one was used by the FROG, 
while one of the side beams was sent to the MIIPS. It is well known that few-cycle pulses can 
be easily distorted by dispersion introduced by propagation in air. In such a configuration, the 
MIIPS and the FROG measured the pulse at the same location, which is critical for few-cycle 
pulse characterization. The measured and reconstructed FROG patterns are shown in Fig. 4(a) 
and (b) respectively. The retrieved pulse duration is 5.1 fs as shown in Fig. 4(c), which is 
slightly longer than what was determined by the MIIPS (4.86 fs). The spectral phase in Fig. 
4(d) shows the chirp was well compensated. Also in Fig. 4(d) the retrieved spectrum was 
compared with the independently measured spectrum. The frequency marginal comparison is 
shown in Fig. 4(e) to confirm the validity of FROG results. Both methods showed that the 
pulse duration was around 5 fs, which is shorter than what has been produced from the same 
hollow-core fiber using commercially available chirped mirrors [18, 21]. For pulse with over 
one octave spectrum, it is difficult to get perfect FROG traces due the limited phase-matching 
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bandwidth of the SHG crystal and the spectral response of all the optics in the setup, which 
explained the difference between the MIIPS results and FROG results. 

 

 

 
Fig. 4. Characterization of the laser pulse by the FROG. (a) The measured FROG trace. (b) The 
reconstructed FROG trace.  (c) The retrieved pulse shape and phase (dashed curve). (d) The 
retrieved power spectrum and phase (dashed curve) and independently measured spectrum 
(dotted curve). (e) The FROG frequency marginal (dotted red curve) and the autoconvolution 
(solid black curve) of the measured spectrum from hollow-core fiber. The FROG error is 0.5%, 
and the trace is at 256×256 grids.  

      The high power of the compressed pulses allowed us to generate high order harmonics.    
Previously the dependence of high harmonic generation (HHG) spectra on GDD was 
investigated by using relatively long pulses (30 fs) directly from the CPA system by changing 
the grating separation [26, 27]. It was found that when the driving laser was positively 
chirped, the HHG spectra were more discrete and red shifted, whereas for a negatively chirped 
pump, the HHG spectra became a continuum. We performed coherent control of high 
harmonic generation with the 0.55 mJ, 5.1 fs pulses by independently changing the GDD and 
high order spectral phases.  Our experiment was carried out with argon gas using a setup 
described in Ref. 28.  The laser beam was focused by a spherical mirror to a gas filled 
interaction cell with a length of 1.4 mm. The focal length of the mirror was 400 mm. The 
backing pressure to the gas cell was 30 torr. The gas target was placed approximately 2 mm 
after the focus to optimize the phase matching for the short trajectory. As seen in Fig. 5(a), 
when the GDD was scanned, the harmonic peaks shift, like what was discovered with long 
laser pulses in the past. The spectra also showed an asymmetric dependence on the positive 
chirp as compared to the negative chirp.  We noticed that asymmetry is even stronger for third 
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order to fifth order phases as shown in Figs. 5(b), 5(c) and 5(d); a coherent control of spectral 
phase that has not been studied before and deserves further investigation.   

 

 
Fig. 5. Dependence of high order harmonic spectra on the high order phases of the driving laser 
pulses 

3. Conclusion: 

In conclusion, by improving the throughput of an adaptive phase modulator and by applying it 
to a high power laser system, we compressed laser pulses to ~5 fs at half-millijoule energy 
levels. As far as we know, this is the highest energy few-cycle pulse ever achieved by 
adaptive pulse compressors. The Multiphoton Intrapulse Interference Phase Scan method was 
applied to measure the spectral phase of the pulses after the hollow-core fiber for the first 
time, which serves as the feedback for the phase correction. The high power, two-cycle pulses 
were used in high harmonic generation. It was found that the harmonic spectra depended 
strongly on the high order spectral phases. The phase controllable, millijoule level few-cycle 
pulses are a new powerful tool for studying single attosecond pulse generation and performing 
coherent control in new parameter spaces.  
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