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Abstract. Intracavity high harmonic generation is demonstrated in an external cavity, seeded 
by a Ti:sapphire mode-locked laser at a repetition rate of 10.8MHz. Harmonics up to 19th 
order at 43 nm were observed with plateau harmonics at the µW power level. 

Introduction 
The extreme ultraviolet (XUV) frequency comb technique is expected to play an 
important role in extending high-resolution laser spectroscopy to the XUV region 
where many interesting transitions are located.  Conventional frequency combs 
generated at infrared wavelengths can be frequency converted to XUV wavelengths 
with high harmonic generation (HHG). However, until recently, a low repetition rate 
in the kHz range was required to generate sufficient pulse energy to produce high 
harmonics. The resulting frequency comb is far too dense to be useful for high-
resolution spectroscopy. Direct frequency comb spectroscopy requires the separation 
of the modes, i.e., the repetition rate, to be much larger than the measured linewidth. 
This problem has been solved by employing intracavity HHG, achieving the required 
intensity by resonantly enhancing the pulse train from a mode-locked laser without 
compromising on the repetition rate [1-4]. Unfortunately, the powers generated in the 
XUV with this technique have been far too low for a reasonable excitation rate of a 
narrowband XUV transition. We report a dramatic enhancement of the XUV output 
power by almost 5 orders of magnitude. This is achieved by an elaborate dispersion 
compensating scheme and by reducing the repetition rate to 10.8MHz, which is still 
sufficient to resolve narrowband atomic transitions. 

Experimental Methods 
Our mode-locked laser has a long cavity and runs in the positive GDD regime. Its 
linear cavity has a length of 13.9m which is achieved by using a Herriott-type multi-
path delay line. The output of about 1.5W of average power is compressed by a pair 
of LaK16 (SCHOTT) prisms (Fig. 1). The enhancement cavity is located in a vacuum 
setup and consists of 10 mirrors including 8 quarter-wave-stack mirrors, 4 of which 
are curved, 2 chirped mirrors, and one input coupler. Two homemade chirped mirrors 
are used to compensate the dispersion of the Brewster XUV output coupler made of 
sapphire and the contribution from the remaining cavity mirrors. Firstly, we design 
one chirped mirror by using the estimated total dispersion of the cavity. Then the 
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residual dispersion is measured by analyzing the spectral cavity enhancement as 
described in [5]. Using this information, we generate several different coating designs 
with the correct dispersion properties and choose the design which is the least 
sensitive to the coating errors. With this dispersion compensating scheme, we obtain 
broad enhancement over 40nm. The circulating power is determined to be 100W by 
measuring the residual transmission through one of the highly reflecting cavity 
mirrors. This corresponds to an average power enhancement of 100. Intracavity 
pulsewidth is measured to be 57fs. Asymmetric focusing with two differently curved 
mirrors (radii of curvature, 0.1m and 0.24m) is used to focus to a waist size of w0= 13 
µm into the gas target emerging from a nozzle. At the focus, a peak intensity of > 5 
1013 W/cm2 is obtained. When injecting Xe, Ar, or air through the gas nozzle, a 
fluorescing plasma can be observed. The gas flow is estimated to be 1 10-2 mbar l/s. 
The XUV output is used to illuminate the entrance slit of a scanning grating 
spectrometer (Jobin-Yvon, LHT30) that has an estimated resolution of 1.4 nm and is 
equipped with a channeltron detector (Burle, CEM4839). The pulse compressor, gas 
flow rate, nozzle position, and carrier-envelope offset frequency are optimized to 
maximize the XUV signal. The measured XUV spectrum is divided by the specified 
wavelength dependent grating diffraction efficiency. In order to independently 
calibrate the XUV power, the (spectrally unresolved) total power is measured with a 
calibrated Si photodiode (IRD, AXUV20HS1) placed directly after the Brewster 
XUV output coupler. A 150µm thickness Al filter (Lebow) is used to remove the 
residual reflection of the fundamental laser beam. The transmission of the Al filter is 
then measured by comparing the XUV spectra with and without it. Knowing the 
undistorted XUV spectrum, the total power and the spectrally resolved filter 
transmission, we determine the absolute spectral power density of outcoupled XUV 
beam. 
 

Results and Discussion 
The obtained spectral power density of  XUV beam is shown in Fig. 2. A µW power 
level is obtained at plateau harmonics. Compared to previously reported powers [1], 
this represents an improvement of 104-105.  High harmonics up to the 19th order (41 
nm) are clearly observed, which agrees with the calculated cutoff located between the 
13th and 15th harmonics. In addition to the odd harmonics, a broad peak at 104 nm is 
observed. Its origin is not yet understood but appears to be related to the occupancy 
of excited bound states of the Xe atom [1].  With the power level obtained here, 
precision spectroscopy in the XUV comes into reach for the first time. An example 
could provide the 1S-2S transition in He+. In this system, the ground-state ions may 
be excited to the 2S state by two-photon absorption by using the 13th harmonic 
around 60.8 nm. A third photon can further ionize to He2+ which can be accumulated 
in the ion trap and detected with unity efficiency. If the full 0.84µW generated so far 
could be focused on the He ion with a waist size of 0.5 µm, an ionization rate close to 
1Hz (0.88Hz) could be obtained. This is a typical rate for a high precision 
spectroscopy experiment on trapped ions.  Since there is virtually no background for 
this type of detection, we believe precision spectroscopy is realistic even with count 
rates below 1Hz. 
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Fig. 1. Experimental Setup 

 
Fig. 2. Spectrum power density of outcoupled high harmonics  

Conclusions 
Generation of high power XUV frequency combs with µW power level is 
demonstrated. An elaborate dispersion compensation scheme and the use of a 
moderate repetition rate allow for this significant improvement in output power. With 
this power level and repetition rate, high-resolution spectroscopy in the extreme 
ultraviolet (XUV) region becomes conceivable. Our improved XUV source 
demonstrates that generating high harmonics in external enhancement cavities has 
now moved beyond proof-of-principle experiments to become a tool capable of 
performing spectroscopy at previously inaccessible wavelengths. 
 
1 Ch. Gohle, Th. Udem, M. Herrmann, J. Rauschenberger, R. Holzwarth, H.A. Schuessler, 

F. Krausz, and T. W. Hänsch, in Nature, 436, 234, 2005. 
2 R. J. Jones, K. D. Moll, M. J. Thorpe, and Jun Ye, in Phys. Rev. Lett., 94, 193201, 2005. 
3 I. Hartl, T. R. Schibli, A. Marcinkevicius, D. C. Yost, D. D. Hudson, M. E. Fermann, and 

Jun Ye, in Opt. Lett., 32, 2870, 2007. 
4 D. C. Yost, T. R. Schibli, and Jun Ye, in Opt. Lett. 33, 1099, 2008. 
5 A. Schliesser, Ch. Gohle, Th. Udem and T. W. Hänsch, in Opt. Express, 14, 5975, 2006. 

845


	High Harmonic Frequency Combs for HighResolution Spectroscopy
	Introduction
	Experimental Methods
	Results and Discussion
	Conclusions




