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Abstract. A systematic study of the temporal and spectral properties of
high-harmonic generation was explored using a low-binding energy atom
(caesium) excited by an intense mid-infrared (3–4 mm) laser pulse. The long-
wavelength fundamental field produces odd-order high harmonic radiation,
which is experimentally accessible with standard temporal and spectral
metrology. We present measurements of the pulse width and coherence times
of the 5th through 9th harmonic orders with their corresponding bandwidths.
Our study demonstrates that the strategy of using a scaled laser–atom inter-
action can offer not only a practical solution for direct probing of the properties
of high harmonic radiation but also a means for exploring the physics in novel
conditions. We present results showing the enhanced harmonic emission from
an ‘incoherent’ target of ground and excited state atoms.

1. Introduction
High harmonic generation (HHG) is a result of the nonlinear response of a

collection of atoms to an intense laser field. Over the past decade since its discovery
[1, 2], HHG has been an active area of both experimental and theoretical research
due to its interesting fundamental physics and its potential as a tabletop source of
XUV radiation. The HHG spectrum consists of a series of peaks at the odd
harmonics of the fundamental excitation frequency. The general appearance of the
HHG distribution can be characterized as a sharp initial decline in harmonic
production for low orders, followed by a long plateau region where production
depends weakly on harmonic order, culminating in an abrupt cut-off. Experiments
have observed harmonic orders as high as several hundred [3, 4] and low-order
conversion efficiencies of �10�5 [5]. HHG radiation shows promise as a bright
coherent XUV source with spectral contents extending into the water window.
Applications of HHG are coming to fruition, finding use in chemical [6] and
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atomic physics [7]. In addition, recent theoretical work suggests that HHG
radiation can be used for imaging of nuclear wave functions [8].

In the time domain, the HHG process provides a mechanism for generating
extremely short-pulsed XUV radiation. Theoretical work [9, 10] has suggested
harmonic radiation as a means for generating pulses of attosecond time
duration (10�18 s). More recently experimental studies have been able to infer
subfemtosecond pulse durations from modulations in the photoelectron spectra
[11, 12]. Along with these studies, autocorrelation and cross-correlation measure-
ments using ionization of noble gas atoms have been performed on harmonic
radiation [13, 14]. While producing interesting results, some of these measure-
ments have been hampered by low contrast ratios in the autocorrelated signal.
These novel schemes for measuring HHG pulse durations are a result of no
suitable nonlinear materials for measuring VUV/XUV radiation. For instance,
typical second-harmonic generation autocorrelators [15] are limited to wavelengths
above 400 nm due to available nonlinear media. A more systematic study of
the temporal properties of HHG can be performed through the use of an intense
mid-infrared (MIR) light source, where the resulting harmonic spectrum has a
majority of visible/UV content. This allows the use of more conventional pulse
length measuring techniques. Our present understanding indicates that the
physics of harmonic generation using near visible lasers in rare gases should be
equivalent to those of the MIR interacting with alkali atoms. With the advent of
interferometric metrology, such as frequency-resolved-optical gating (FROG)
[16] and spectral phase interferometry for direct electric-field reconstruction
(SPIDER) [17], the amplitude and phase of visible/UV harmonic pulses can be
determined. This will promote a more direct comparison to theory. Accurate
measurements at this stage can unequivocally establish whether an attosecond
pulse can be formed, and will serve as an important check in navigating the
experimental difficulties involved in maintaining, measuring and using such pulses
in experiments.

In this paper we report on our recent progress in studying harmonic generation
from a scaled laser–atom interaction. The particular case investigated is a vapour
of caesium atoms excited by an intense mid-infrared (3–4 mm) pulse. Previous work
[18, 19] has established that high-order harmonics can be generated by this scaled
interaction and that much of the physics is similar to that observed at shorter
wavelengths. The current study uses a number of different but complementary
techniques for harmonic characterization. The current study focuses on harmonic
orders 5–9, which lie in the bound–bound region of the spectrum, that is, the
harmonic photon energies are less than the ionization potential. Three techniques
have been applied and include second-order autocorrelation, high-resolution
frequency spectroscopy and interferometry. We will also show preliminary ex-
perimental results in the same scaled system that compares harmonic emission
produced from the ground and the first excited state of caesium. The excited
atoms, via the increased atomic susceptibility, yield an enhanced harmonic
emission compared to the ground state.

2. Experimental method
In the experiment, intense MIR light is generated by difference frequency

mixing amplified titanium sapphire (Ti:sapphire) laser pulses with amplified
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Nd:YLF laser pulses. The generation process begins by locking a Nd:YLF
oscillator (25 ps) and Ti:sapphire oscillator (�2:5 ps) to an external 80MHz master
clock. Cross-correlation measurements show that the two oscillators are synchro-
nized to better than 2.5 ps or roughly an order of magnitude smaller than the
Nd:YLF pulse width. Both mode-locked oscillators are separately amplified using
kilohertz regenerative amplifiers. The Ti:sapphire amplifier uses a standard
chirped-pulse amplification scheme and produces 2.5 ps pulses with 1.6mJ energy.
The Nd:YLF pulses are directly regeneratively amplified at a 1 kHz repetition rate
to an energy of 1mJ. The outputs of both amplifiers are then difference frequency
mixed in either a KTP or a KTA nonlinear crystal. The resulting MIR idler pulse
has energy in excess of 100 mJ in a near TEM00 Gaussian mode with roughly 2.5 ps
pulse duration. In addition, the MIR idler wavelength can be varied between 3–
4 mm with no significant change in MIR output energy by tuning the Ti:sapphire
oscillator between 0.78–0.83 mm.

The experiments described here were performed at a wavelength of 3.4 mm.
The linearly polarized light was focused in a caesium-loaded heat pipe by a f=6
optic producing a spot radius of 25 mm. Caesium was chosen since its high vapour
pressure allows the creation of a large density (1016–1017 cm�3) at modest heating
temperatures. Under typical operating conditions, the pressure of the argon buffer
gas is 30 torr, while the caesium vapour pressure, at 3008C, is approximately 2 torr.
The argon buffer gas confines the caesium vapour to a 2.5 cm long column via
collisional cooling. The large energy gap between the ground and first excited state
makes argon transparent to the MIR light.

The temporal and spectral analyses of the harmonics were performed in two
separate achromatic systems. The spectral analysis was accomplished by 1:1
imaging of the harmonics on the entrance slits of a 0.18m flat-field monochro-
mator equipped with a gated intensified CCD (charge-coupled device) camera.
The HHG pulse energies were determined using a calibrated photodiode. The
monochromator operating in a low-resolution mode permits measurement of the
total photon yield for a group of harmonics. High-resolution (0.15 nm) studies of
the individual harmonics are conducted with high-density gratings.

Pulse duration measurements are performed using an achromatic auto-
correlator consisting of all reflective optics and a pellicle beam-splitter. The
light from the two arms of the Michelson interferometer was frequency doubled
in a 1mm thick, type-I BBO crystal in a non-collinear geometry. The total
doubled or summed light intensity was recorded as a function of relative delay
between the two arms in the interferometer.

The temporal coherence study used the same interferometer except that the
two pulses from the interferometer arms are diverted nearly collinearly into
the 0.18m monochromator operating in low resolution. The interference
pattern is recorded as a function of relative delay between the two arms of the
interferometer. The coherence (longitudinal) time of the harmonic pulse was
derived from the visibility [20] curve defined as ðImax � IminÞ=ðImax þ IminÞ,
where Imax and Imin are the maximum and minimum average intensities of the
fringe pattern.

The production of excited 2P3=2 caesium was accomplished by using another
titanium sapphire oscillator (pump light) in continuous wave (cw) mode tunable
near the resonance wavelength of 0.852 mm. The weak (10mW) pump beam
counter-propagated at a small angle with respect to the intense MIR beam. The
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two beams are spatially overlapped in the caesium vapour column. The observa-
tion of the high harmonic spectrum was conducted in the same manner as
described above.

3. Results and discussion
Figure 1 shows the high harmonic spectrum from caesium interacting with

5TWcm�2, 3.4 mm pulse. Odd harmonic orders extending from H5 to H17 are
visible; the ordinate scale is the pulse energy. Note that the spectral region of these
harmonics is visible and near-ultraviolet. A conversion efficiency of 10�5–10�6 was
observed for the low-order harmonics. The heat-pipe conditions are �5 torr
caesium and 30 torr argon. Phase matching are in the strong focusing limit [21]
since the 2.5 cm caesium column is significantly longer than the 0.15 cm Rayleigh
range of the MIR light. The semi-classical cut-off energy for the harmonics lies in
the vacuum ultraviolet, below the wavelength limit of our detection (190 nm). The
shape of the harmonic distribution and yield is dependent on the caesium and
buffer gas pressure. Using nitrogen or argon as the buffer gas gave similar
harmonic yields, while helium resulted in significantly less harmonic emission
probably due to inefficient cooling. The operating conditions for the temporal
measurements were chosen to maximize the harmonic yield and were similar to
those given in figure 1.

3.1. Temporal and spectral measurements
The autocorrelation measurements were performed using an achromatic inter-

ferometer design operating in a non-collinear second harmonic generation (SHG)
geometry. The background free SHG signal was recorded as a function of relative
delay through a filtered photomultiplier tube. The pulse duration of the funda-
mental light was also recorded with a separate autocorrelator. Typical MIR pulse
parameters were 100 mJ pulse energy in 2:9� 0:4 ps duration. The heat-pipe
parameters were optimized for production of a specific harmonic with nominal
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Figure 1. High harmonic spectrum of caesium atoms interacting with an intense,
3.4 mm pulse. The nonlinear order of the process is indicated and the 	 symbol
indicates peaks due to experimental artefacts. The ordinate scale is the harmonic
pulse energy. Note that the spectral region of the 5th through 15th harmonic order
extends from the visible to near-ultraviolet.



conditions of 5 torr caesium and 30 torr argon. Figure 2 shows the correlation
measurements of orders 5 through 9 and the 3.4 mm fundamental beam. The
duration of orders 1, 5 and 7 are derived from autocorrelation and order 9 is a
cross-correlation of harmonic orders 5 and 9. Assuming a Gaussian pulse shape,
the duration of orders 1 and 5 through 9 are 2.9, 1.35, 1.05 and 0.88 ps,
respectively. The q1=2 pulse widths for harmonics 5 through 9, where q is the
harmonic order, expected from perturbation theory are 1.3, 1.1 and 0.97 ps,
respectively, assuming a 2.9 ps fundamental pulse duration. The narrowing of
the pulses for these bound–bound harmonics seem to follow simple perturbative
scaling although there is a deviation in this scaling depending on the fundamental
pulse duration.

Another useful quantity for characterizing harmonic radiation is the temporal
coherence. The temporal coherence is the time over which a light field maintains a
near constant phase and amplitude relationship and is inversely proportional to the
bandwidth. Using a Michelson interferometer, two replicas of the pulse are
overlapped and interfere, to produce a spatial fringe pattern such as the one
shown in figure 3. The fringe contrast is measured as a function of relative delay
between the two arms of the interferometer from which a visibility curve can be
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Figure 2. The uncorrected SHG autocorrelation trace for (a) the 3.4 mm fundamental
and 5th harmonic (H5) and (b) 7th harmonic. Plot (c) is the cross-correlation of H5
and the 9th harmonic. The solid lines are Gaussian fits to the data.



constructed. Figure 4 shows the compiled coherence times for harmonic orders 5
through 9, along with pulse durations and bandwidth measurements. There is a
weak dependence of the coherence time on the harmonic order. The coherence
times are shorter than the measured pulse duration with an average value of
0.84 ps.
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Figure 3. A CCD image of the spatial interference of the 5th harmonic used to measure
the coherence time. The image is shown for a fixed delay between the two arms of
the interferometer. By collecting images at different delay times one can determine
the coherence time.

Figure 4. A compiled plot of the temporal measurements for harmonics H5 through
H9. The open circles are the pulse duration derived from the autocorrelation, the
solid circles are the coherence time and the hatched region is the inverse of the
spectral bandwidth (see text for details).



High-resolution frequency spectra are also recorded for the different harmonic
orders. The line-shape for some harmonics are complex (cannot be described by a
single Voigt profile) and dependent on the heat-pipe conditions. In figure 4 we plot
the inverse of the harmonic bandwidths as the hatched area. The limits represent a
simple Gaussian interpretation of the more complex line-shapes. For instance, an
unresolved doublet line-shape is defined in the upper limit as the inverse
bandwidth of the one narrow component and the lower limit is the total line
width. The coherence time measurements suggest a complex phase variation
across the harmonic pulse. The results show that the coherence times agree,
within error, with the observed bandwidth. However, the coherence times are
shorter than the pulse durations derived from the autocorrelation measurements.
The difference is the largest for low orders becoming equal for the 9th order.

The deterioration of the temporal coherence in harmonic radiation can be
attributed to at least two factors: first, a temporal chirp in the harmonic radiation
can result from a chirp initially imposed in the fundamental field and/or a result of
the strong field interaction; second, the intensity-dependent phase of the atomic
dipole, which can have large variations during the generation process [22].

3.2. Harmonics from p-excited states of caesium
The scaled alkali–mid-infrared interaction provides an ideal system for study-

ing the influence of atomic susceptibility on the harmonic process. All harmonic
experiments have so far been performed on atoms initially in their ground state.
However, the harmonic process is coherent and thus sensitive to the preparation of
the initial state. Calculations [23, 24] have shown an increase in both the harmonic
yield and order under the influence of an initial ‘coherent’ superposition state.
Experimental investigations on harmonics generated from inert gases interacting
with red light are hampered by the large energy separation (VUV photons)
between the ground and first excited state. However, the alkali atoms have easily
accessible optical transitions. In fact, the D-lines (ns ! np transition) of K, Rb and
Cs are all within the titanium sapphire gain bandwidth and are easily saturated
while higher excited states are accessible to optical parametric amplifiers.

In this preliminary experiment we examine the physics associated with an
‘incoherent’ preparation (fast dephasing time in comparison to the natural line-
width) of S and P states. The harmonic spectrum for this target admixture will
correspond to an incoherent sum of harmonics generated from the ground and
excited states, which depends upon the initial atomic state. In a hydrogenic
picture, the susceptibility increases with the principal and orbital quantum
numbers. In our scaled alkali–MIR interaction this situation can be simply
achieved by pumping the D2 line (S ! P3=2 transition) with a red cw laser.
Saturation of the S ! P3=2 transition can be achieved with only a few mWcm�2.
For the specific case of caesium this is accomplished with 5mWcm�2 at a
wavelength of 0.852 mm.

In the experiment, the weak ‘resonant’ pump laser counter-propagates at a
small angle with respect to the intense MIR light. The two beams are spatially
overlapped in the caesium heat pipe. The waist of the weak pump laser is much
larger than the MIR waist. A technical difficulty in the experiment is propagating
the resonant light into the high-density region of the heat pipe since the resonant
absorption cross-section is so large. To minimize this problem, the MIR light is
focused on the exit side of the caesium column. This optimizes the fraction of
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excited p-states present in the interaction region defined by the MIR beam waist.
However, this hampers any quantitative evaluation of the fraction of excited states
contributing to the harmonic process. Similar to the MIR HHG experiments, the
high harmonics distribution is detected by the monochromator/CCD system along
the MIR propagation direction.

The harmonic spectrum generated by the 3.4 mm intense pulse is recorded in
the presence and absence of the cw 0.852 mm pump light. The 0.85 mm light alone
produce no harmonics. Figure 5 (a) shows that the harmonic spectrum, in the
presence of both the MIR light and 0.852 mm pump beam tuned on resonance with
the D2 transition, is greatly enhanced over that with the MIR light only. The
amount of enhancement varies (factors of 10�3) with harmonic order, decreasing
with increasing harmonic order. The variable gain is consistent with the increase in
atomic susceptibility since the more easily ionized excited state atom is depleted at
lower intensities than the ground state, and so contributes relatively less to the
higher harmonic orders, which are generated at higher intensities. Further
evidence of the influence of excited states on harmonic emission is shown in
figure 5 (b). The plot shows the harmonic distribution with both MIR and pump
light, the difference in enhancement depends on whether the pump beam is tuned
‘on-’ or ‘off-’ resonance.

The amount of enhancement was not quantifiable in these experiments since
the signal was not reproducible on a daily basis. Analysis showed that this was
caused by systematic variations in our experiment. First, variation in the tem-
perature gradient in the heat pipe produced a variation in the D2 transition’s line-
width along the propagation direction. Consequently our ability to produce excited
states in the interaction region with the MIR pulse was greatly reduced and
irreproducible. Second, the pump light was derived from a 10 fs oscillator forced to
lase in continuous mode. The frequency stability of this pump laser was poor in
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Figure 5. High harmonic spectrum of caesium atoms interacting with an intense 3.4 mm
pulse and a cw pump laser tuned near the D2 transition (0.852 mm). The cw pump
laser prepares an incoherent target of ground (6s, 2S) and excited (6p, 2P3=2) states.
Plot (a) shows the spectrum from the intense 3.4 mm pulse alone (solid line) and
with the cw pump laser tuned ‘on’ resonance with the D2 transition (dotted line).
Plot (b) shows the effect of tuning the cw pump laser ‘off-’ (solid line) and ‘on-’
(dotted line) resonance with the D2 transition. The harmonic order of the peaks is
indicated in the plot and the enhanced harmonic emission resulting from p-state
population is clearly observed. The HHG spectrum is recorded at 1 torr caesium
pressure, while figure 1 is taken at a higher caesium pressure.



comparison to the Doppler line-width (0.5GHz). Rudimentary attempts to
stabilize the frequency only resulted in marginal improvement. However, we
believe that the enhancement demonstrated in figure 5 is due to the change in
the atomic susceptibility of the excited state. The sources of instability in the
caesium experiment made us re-evaluate our approach. We are currently con-
structing a new experimental arrangement, which will provide greater control of
the experimental variables.

4. Conclusion
In this paper we have shown that a scaled alkali–MIR laser interaction can be

used for direct temporal measurements of HHG light using standard metrology.
We have used SHG autocorrelation, coherence time interferometry and spectral
measurements for characterizing the bound–bound high harmonics. Our results
show that simple perturbative scaling is valid in this regime although the degree of
coherence indicates a pulse that is not transform-limited. Future experimental
plans include application of interferometric techniques for complete characteriza-
tion of the harmonic’s amplitude and phase and the reduction of the MIR
fundamental field to a few cycle pulse.
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SchnÜrer, M., and Krauz, F., 1998, Selected Topics quantum Electron., 4, 249.
[5] Constant, E., Garzella, D., Breger, P., Mevel, E., Dorrer, Ch., Le Blanc, C.,

Salin, F., and Agostini, P., 1999, Phys. Rev. Lett., 82, 1668.
[6] Nuggent-Glandorf, L., Scheer, M., Samuels, A., Mulhisen, M., Grant, E. R.,

Yang, X., Bierbaurn, V. M., and Leone, S. R., 2001, Phys. Rev. Lett., 87, 193002/1.
[7] Gisselbrecht, M., Descamps, D., LyngÅ, L’Huillier, A., WahlstrÖm, C.-G., and
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