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Pulse compression of phase-matched high 
harmonic pulses from a time-delay compensated 

monochromator 

Hironori Igarashi, Ayumu Makida, Motohiko Ito, and Taro Sekikawa* 

Department of Applied Physics, Hokkaido University, Kita 13 Nishi 8, Kita-ku, Sapporo 060-8628, Japan 
*sekikawa@eng.hokudai.ac.jp 

Abstract: Single 32.6 eV high harmonic pulses from a time-delay 
compensated monochromator were compressed down to 11 ± 3 fs by 
completely compensating for the pulse-front tilt. The photon flux was 
intensified up to 5.7×10

9
 photons/s on target by implementing high 

harmonic generation under a phase matching condition in a hollow fiber 
used for increasing the interaction length. The output photon flux on target 
from the monochromator was comparable to that from a small synchrotron 
facility, while the pulse duration was more than three orders of magnitude 
shorter. This high harmonic beam line fulfills two requirements for time-
resolved spectroscopy in extreme ultraviolet region, namely, ultrashort 
pulses and high photon flux. 

©2012 Optical Society of America 

OCIS codes: (190.4160) Multiharmonic generation; (320.5520) Pulse compression; (320.7100) 
Ultrafast measurements. 
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1. Introduction. 

High harmonics, which are generated under nonlinear interaction between atoms and 
ultrashort laser pulses, can be compact table-top ultrashort light sources in the extreme 
ultraviolet (XUV) and soft x-ray regions [1–6]. Since the pulse durations of high harmonics 
are in the femtosecond or attosecond regimes, high harmonics provide us with unique 
opportunities to investigate nonlinear optics and time-resolved spectroscopy in the XUV and 
soft x-ray regions, which researchers have not yet been able to study using synchrotron 
radiation [7–16]. 

However, applying high harmonics to spectroscopy is not straightforward because 
multiple orders of high harmonics are generated collinearly with intense driving laser pulses. 
It is necessary to choose an appropriate harmonic order for the application, especially for 
spectroscopy used to gain insight into electronic structures of materials. Although multilayer 
mirrors are useful optical elements for selecting one harmonic order, the contrast ratio of 
reflectively is sometimes poor. The loose selection of one harmonic by multilayer mirrors 
sometimes leads to the creation of noise by the other harmonic orders, and this covers up the 
signals [13]. A monochromator employing a grating is a standard optical element for this 
purpose and was used in the pioneering work in this field [1]. However, it introduces a stretch 
of the pulse duration by the pulse-front tilt, compromising the advantages of high harmonics. 

To select a single harmonic with the pulse duration preserved, a time-delay compensated 
monochromator (TDCM) consisting of a pair of gratings to compensate for the pulse-front tilt 
was proposed, and this approach has been experimentally and theoretically investigated [2, 5, 
17–20]. The schematic of the TDCM that we developed, which consists of two toroidal 
gratings, is shown in Fig. 1 [5]. In our TDCM, multiple orders of high harmonic pulses were 
diffracted by the first grating and were focused on the slit, which was placed on the Fourier 
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plane of the first grating and which selected the harmonic order. The second grating 
compensated for the pulse-front tilt of the diffracted harmonic pulses. 

One drawback of the TDCM is low throughput resulting from the diffraction efficiency of 
the grating. To overcome this weakness, a conical mount for the gratings was implemented to 
increase the diffraction efficiency. Although the throughput was improved to the range of 
0.10~0.18, the optical configuration using six optical elements is relatively complicated [19, 
20]. To simplify the configuration and to improve the throughput, a single grating 
configuration employing a grating with a lower dispersion for minimizing the pulse stretch 
was proposed and experimentally demonstrated: the system provided 1.6 × 10

7
 photons/pulse 

at 32.5 eV with a pulse duration in the range of 20 to 30 fs [21, 22], in spite of compressibility 
down to 8 fs. In another system, a single grating configuration was employed for time-
resolved photoelectron spectroscopy, though the time resolution was limited to 135 fs [23]. 
Thus, a compromise between the temporal resolution and the throughput of the 
monochromator has so far been necessary. 

In this study, we attempted to balance these two competing requirements—short pulse 
duration and high photon flux—by compressing high harmonic pulses and by increasing the 
conversion efficiency of high harmonic generation. Although the pulse duration was 
compressed to 47 fs in the previous work [5], there still remains a question as to what limits 
the compressed pulse duration. We are particularly interested in the accuracy required for 
constructing the monochromator. In this work, we demonstrate pulse compression of the 21st 
harmonic pulses ( = 32.6 eV) down to 11 ± 3 fs by adjusting the slit position located between 
the gratings. To improve the conversion efficiency, high harmonics were generated in a 
hollow fiber filled with rare gas to increase the interaction length under a phase-matched 
condition, which was found by changing the gas pressure inside the fiber [24, 25]. The final 
maximum photon flux was 5.7 × 10

6
 photons/pulse on target, and that of the 19th harmonic 

was intensified to 7.1 × 10
6
 photons/pulse. 

2. Experimental setup 

In this work, both to make the pulse duration shorter and to increase the power of the high 
harmonics, we altered the TDCM shown in Fig. 1 in the following two ways: i) A pulse gas 
jet was replaced with a gas-filled hollow fiber for high harmonic generation to enhance the 
conversion efficiency by satisfying the phase matching condition. ii) The slit was changed to 
be movable in the Fourier plane of the first grating for pulse compression. 

The following laser system was used for high harmonic generation. 700 μJ Ti:sapphire 
laser pulses with a pulse duration of 26 fs at a repetition rate of 1 kHz were focused into a 1 
cm–long, 300 μm–diameter hollow fiber filled with static krypton gas by a concave mirror 
with a 50 cm radius. The peak intensity of the laser pulse inside the fiber was 4.7 × 10

13
 

W/cm
2
. The position of the fiber was adjusted along the direction of the beam propagation so 

that the output power was maximized. The photon flux of the separated high harmonic was 
measured using a calibrated XUV photodiode (AXUV-100, IRD Inc.). We also tried 2 cm– 
and 3 cm–long fibers, but the maximum photon flux was obtained using the 1 cm fiber. 

The temporal duration of the selected high harmonic pulses was measured by observing 
the temporal evolution of the sideband peaks in the photoelectron spectra of Ne that were 
caused by the two-photon free-to-free transition under simultaneous irradiation of both XUV 
and fundamental photons [26]. The peak intensity of the probe was 1.3 × 10

11
 W/cm

2
. The 

photoelectrons were energy analyzed by a magnetic bottle photoelectron spectrometer. 
The characteristics of the toroidal grating (HORIBA Jobin Yvon, 54000910) used in the 

TDCM are as follows: The radii of curvature were 1 m and 104.09 mm in the horizontal and 
vertical directions, respectively. The focal lengths from the entrance and the exit were 319.9 
and 319.5 mm, respectively. The groove density was 550 lines/mm with a variable pitch. The 
spectral dispersions were 2.07 nm/mm at 48.75 nm and 2.22 nm/mm at 82.5 nm. The 
maximum diffraction efficiency was 16% around 35 eV. 
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Fig. 1. Schematic of the time-delay compensated monochromator with toroidal gratings, 
including the experimental setup for high harmonic generation and temporal characterization 
by cross-correlation. The slit position was moved in the Fourier plane for pulse compression. 

3. Pulse compression of selected harmonic pulses 

The difference in the optical path lengths of two diffracted beams from the adjacent grooves 
on a grating is one wavelength λ in the case of the first order diffraction, and the total 
difference in the optical path length across the beam amounts to Nλ, where N is the total 
number of illuminated grooves. Thus, although the wave front of the beam is still preserved 
after diffraction, the pulse front is tilted and the effective pulse duration is stretched by Nλ/c. 
The basic idea of the TDCM is to compensate for this optical path difference Nλ by placing 
the second grating at the symmetrical position with respect to the slit [17]. For complete 
compensation, the illuminated areas of both gratings should be equal. 

In a previous work, we found that the pulse duration was not compressed completely [5]. 
In our system, the emitting point of the high harmonics and the focus were fixed. Thus, when 
the incident angle to the second grating deviated from the planned angle, the diffraction angle 
of the second grating became different from that of the first grating. This led to different 
illuminated areas on the gratings, resulting in incomplete compression of the high harmonic 
pulses. Here, the incident angle to the second grating can be adjusted by displacing the slit 
position in the Fourier plane of the gratings. 

Thus, firstly, the pulse stretch of the 21st harmonic in our TDCM system was estimated by 
a numerical simulation using the given parameters of the toroidal grating. Figure 2 shows the 
calculated pulse stretch arising from unequal irradiation areas on the gratings as a function of 
the slit position. At the origin, the irradiated areas of the two gratings become equal, and the 
pulse stretch is about 100 fs with 5 mm displacement of the slit. Therefore, it might be 
possible to compress the pulse duration by shifting the slit position by several millimeters. A 
similar pulse stretch resulting from the misalignment of the gratings in the TDCM was also 
numerically predicted using six optical components [27]. The estimated pulse stretch in Ref 
27. was about five times smaller than in the present case. This is because the groove densities 
of the assumed grating were about five times lower than that of the toroidal gratings used in 
this TDCM. 

The displacement of the slit by several millimeters was found to lengthen the pulse 
duration of the separated harmonic pulses. In other words, pulse compression can be achieved 
by moving the slit position along the Fourier plane of the grating. We measured the pulse 
duration of the 21st harmonic as a function of the slit position for pulse compression. Figure 
3a and 3b show the cross-correlation between the 21st harmonic and the fundamental pulses 
at slit positions of 0 and 3 mm, respectively. Here, the origin of the slit position was defined 
as the slit position immediately after the initial experimental setup. The pulse duration of a 
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selected harmonic pulse was obtained by deconvoluting a high harmonic pulse from the cross-
correlation by assuming harmonic and fundamental pulses to be Gaussian functions. Figure 3c 
shows that the pulse duration was compressed down to 11 ± 3 fs at a slit position of 3 mm 
from the initial position. Further shifts increased the pulse duration. The solid line in Fig. 3c is 
the calculated pulse stretch shifted by 11 fs and by 3 mm in the vertical and horizontal 
directions, respectively. The experimentally measured pulse duration was explained very well 
without reference to free parameters. Therefore, the deviation of the incident angle to the 
second grating from the optimum is the most crucial parameter in constructing the TDCM. To 
reduce the broadening to within ± 10% of the optimum, the slit position should be determined 
to an accuracy of 0.1 mm. 

The shortest compressed pulse duration of the 21st harmonic was 11 ± 3 fs. To determine 
the consistency, we calculated the pulse profile of the 21st harmonic from the single atom 
response under the strong-field approximation [28]. When the pulse duration of the driving 
laser was 30 fs, the pulse duration of the output harmonic pulse was 15 fs; this was almost 
consistent with the experimental results. 

 

Fig. 2. Pulse stretch as a function of the slit position, determining the incident angle to the 
second grating. 

 

Fig. 3. Cross-correlation between the 21st harmonic and fundamental pulses at slit positions of 
(a) 0 mm and (b) 3 mm. The solid lines are the results of fitting to Gaussian functions. (c) Pulse 
duration of the 21st harmonic pulse as a function of slit position. The solid line is the 
numerically calculated pulse stretch shifted by the measured shortest pulse duration. 
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4. Enhancement of photon flux by phase matching 

One drawback of the present TDCM is related to its total throughput of high harmonic pulses. 
Since the maximum diffraction efficiency of the toroidal grating we used was about 16%, the 
total throughput was only a few percent. Since higher photon flux is preferred for 
spectroscopic applications, we employed a phase matching technique to improve the 
conversion efficiency of high harmonic generation [24, 25]. 

The phase mismatch between the fundamental laser and high harmonics Δk is 

 ,atom ion NL fiberk k k k k       (1) 

where Δkatom, Δkion, ΔkNL, and Δkfiber are the dispersions of neutral atoms, of electrons, and of 
the nonlinear refraction index and the dispersion resulting from the structure of the hollow 
fiber, respectively [24]. Here, each component is expressed as follows: 
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where q denotes the harmonic order, p is the pressure, η is the ionization level, λ0 is the 
wavelength of the fundamental laser, Δδ is the difference between the indices of refraction of 
the gas per atmosphere at the fundamental and harmonic fields, n2 is the nonlinear index of 
refraction per atmosphere at λ0, Na is the number density of atoms per atm, re is the classical 
electron radius, u11 is the mode factor of the hollow fiber, and a is the inner radius of the 
hollow fiber. Phase matching can be achieved by varying the gas pressure inside the hollow 
fiber. The cancelation of the negative dispersion by the positive dispersion resulting from free 
electrons is very important. Then, taking into account the absorption coefficient of the gas 
medium α, the phase mismatch factor J(Δk) becomes 

  
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where L is the interaction length for high harmonic generation [29]. 
To find the conditions that maximize the conversion efficiency, we evaluated (1-

Nion)
2
J(Δk) of a continuous 21st harmonic wave as a function of gas pressure at various 

degrees of ionization of gas medium Nion (see Fig. 4). In this work, we used krypton gas 
because of its high nonlinearity compared with argon gas, and we set the fiber length to L = 1 
cm. We accounted for (1 - Nion)

2
 because of the lower nonlinear susceptibility of ionized 

atoms for high harmonics generation. The phase mismatch Δkatom + ΔkNL resulting from the 
dispersion of neutral atoms is cancelled out by the phase mismatch of ionized free electrons 
Δkion. Figure 4 shows that the conversion efficiency is governed by the phase mismatch at 
lower ionization degree less than 6%. On the other hand, at 7%, (1-Nion)

2
J(Δk) increases with 

gas pressure and the absorption by gas media limits the conversion efficiency [29]. This is due 
to the constructive contribution of negative cos(ΔkL) in Eq. (5), which is realized by the 
cancellation of the phase mismatch due to ionization. Therefore, under a moderately ionized 
condition, it is possible to increase the gas pressure with a phase-matched condition satisfied, 
leading to the generation of more intense high harmonics, while the optimum gas pressure is 
limited by the phase mismatch under lower Nion. Although Fig. 4 is for continuous wave, the 
preferable condition for high harmonic generation should be realized transiently with 
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temporal evolution of ultrashort pulses. Hence, qualitatively similar pressure dependence of 
the harmonic intensity is expected. 

To experimentally find an optimum condition that increases the output power, the pressure 
dependence of the intensity of the 21st harmonic generated from Kr gas was measured; it is 
depicted in Fig. 5. When the length of the hollow fiber was 2 cm, the output intensity was 
found to have a maximum around 18 Torr, as shown in Fig. 5a. On the other hand, when the 
interaction length was 1 cm, the photon number increased with pressure and reached intensity 
saturation at over 90 Torr, as shown in Fig. 5b. The maximum output of 5.7 × 10

9
 photons/s 

on target was obtained when the 1 cm hollow fiber was filled with 120 Torr krypton gas. 
Furthermore, a photon flux of 7.1 × 10

9
 photons/s was obtained at the 19th harmonic ( = 29.6 

eV). 
From the numerical simulation shown in Fig. 4, the pressure dependence of the harmonic 

intensity was found to change dramatically with Nion: when Nion is lower than 6%, the pressure 
dependence has a peak around 20 Torr. On the other hand, the phase mismatch factor has 
wider tolerance for pressure at Nion = 7%. These pressure dependencies agree well with the 
experimental results shown in Fig. 5: Nion was assumed to be 6% and 7% in the solid lines in 
Fig. 5a and 5b, respectively. Although we tried to maintain the same focusing condition, Nion 
appeared to be smaller in the 2 cm hollow fiber. This slight difference in Nion might be 
attributable to the coupling loss from the laser beam to the hollow fiber and also to the 
propagation loss inside the hollow fiber. In order to increase the conversion efficiency, a 
longer interaction length is desired. However, we could not experimentally achieve better 
beam coupling to the 2 cm and 3 cm hollow fibers. Thus, we chose the 1 cm hollow fiber for 
high harmonic generation. 

In Table 1, the maximum photon numbers of the harmonics between the 15th and 25th 
harmonics from the hollow fiber are summarized, and those from the gas jet reported in a 
previous work are also listed [5]. The number of focused harmonic photons on target became 
more than twice as large as that from the pulsed gas jet. We would also like to emphasize that 
the use of a hollow fiber reduced the load to the exhaust gas system by approximately one-
tenth of the use of the gas jet at the maximum output. When the degree of vacuum in the 

generation chamber was maintained at 1 × 10
3

 Torr, the output photon numbers were about 
seven times more intense than those from the pulsed gas jet. We therefore conclude that the 
phase matching technique is very useful for improving the conversion efficiency. 

 

Fig. 4. (1- Nion)
2J(Δk) as a function of gas pressure, where J(Δk) and Nion are the phase 

mismatch factor and the degree of ionization, respectively. The solid, broken, and dashed-
dotted lines correspond to the cases for Nion = 0.05, 0.06, and 0.07, respectively. 
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5. Conclusion 

In this work, we demonstrated pulse compression of high harmonic pulses from a TDCM and 
improvement in the conversion efficiency of high harmonic generation achieved through a 
phase matching technique. The pulse duration of the 21st harmonic was compressed to 11 ± 3 
fs by tuning the incident angle in the TDCM, which was equivalent to the appropriate 
compensation of the pulse-front tilt introduced by diffraction on the grating. The output 
photons on target were increased by phase matching in a hollow fiber, which made it possible 
to lengthen the coherence length. The photon fluxes of the 19th harmonic ( = 29.6 eV) and the 
21st harmonic ( = 32.8 eV) were 7.1 × 10

9
 and 5.7 × 10

9
 photons/s, respectively; these values 

are comparable to the outputs of synchrotron facilities. Since the separated high harmonic 
pulses generated by the TDCM have femtosecond pulse durations, it is expected that a high 
harmonic light source based on a TDCM will provide unique opportunities to gain insight into 
phenomena inaccessible to synchrotron sources. 

 

Fig. 5. Pressure dependence of the intensity of the 21st harmonic at a fiber length of (a) 2 cm 
and (b) 1 cm, represented by solid circles. The solid lines correspond to (1 - Nion)2J(Δk). See 
the text for details. 

Table 1. Photon Numbers at the Focus Point of the Time-delay Compensated 
Monochromator 

Harmonic order Photon energy (eV) 

Photon number per 
pulse from a hollow 

fiber (×106) 

Photon number per 
pulse from a pulsed 

gas jet (×106)a 

15 23.4 1.8 0.7 
17 26.5 4.0 2.1 
19 29.6 7.1 3.2 

21 32.8 5.7 4.2 

23 35.9 6.4 3.0 
25 39.0 0.96 1.3 

a From Ref 5. 
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