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ABSTRACT 
 

Coherent extreme ultraviolet radiation can be produced by high-order harmonic 

generation of energetic femtosecond laser pulses in noble gases. Using 800 nm driving 

pulses and argon gas, the energy conversion efficiency is about 10
-5

 and the absorption 

limit reaches at the photon energy of ~ 45 eV. The high-harmonic generation in semi-

infinitive gas cell has been considered to obtain high efficiency, highly spatial coherence 

and a good beam profile. The phase-matching, propagating of the fundamental and 

harmonic radiation, the selection of quantum path has been discussed in terms of intensity 

and truncation of driving pulse. The phase-matched harmonic radiation with a high 

intensity and a small bandwidth in the wavelength rang of ~ 30 nm can be generated by 

using ~ 80 Torr argon gas. We demonstrate that this source can be used for a multiple-

harmonic-order coherent diffractive imaging with spatial resolution below 100 nm. 

 

 

1. INTRODUCTION 
 

Since the first generation of high-harmonic orders in 1987 [1] laser driven high-harmonic 

generation sources have become an important supplyof coherent extreme-ultraviolet radiation 

and soft x-rays included the water window(4.4 to 2.3 nm) [2-4]. These sources are small-scale 

and highly versatile in comparison to synchrotrons and free electron x-ray lasers, and their 

characteristic output can be tailored according to the experimental requirements. The soft x-

ray ultra short pulses of reasonable brightness and high coherence are used in atomic [5, 6] 
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and molecular [7-9] spectroscopy, to solid-state [10-12], plasma [13] physics andextreme 

ultraviolet interferometry [14, 15]. Because the HHG spectrum depends on the structure of 

the atom or molecule a new method for tomography of atoms and molecules has been 

proposed and developed [16, 17]. Due to its highly coherent degree, harmonic emission is 

being used for coherent-diffractive imaging based on a single harmonic [18] or even multiple 

harmonic orders [19]. 

By their nature, high-harmonic generation radiationis a laser-like beam. Harmonic 

emission ranges from wavelengths in the extreme-ultraviolet to the soft x-ray region. In 

principle, the characteristics of the laser beam are imprinted onto the harmonic beam. The 

phase-matched propagation of the fundamental and harmonic radiation, i.e., the coherent 

construction of the harmonic field in the macroscopic medium, is reflected in the observed 

harmonic intensity and coherent degree. Phase matching in low-order harmonics, e.g., second 

harmonic generation, is usually obtained by using anisotropic crystals where the signal and 

pump beams propagate with different polarizations and speed in the birefringent medium. To 

obtaina high harmonic intensity, increasing the interaction length or maintain the phase-

matching condition over a long interaction length is necessary. Because of the optical 

properties of materials in the XUV range the medium for HHG is normally an atomic or 

molecular gas. The degree of phase-matching depends on the harmonic order and a number of 

experimental parameters including the atomic and molecular dispersion, the absorption 

coefficient of the target gas at the harmonic frequencies, the ionization fraction, and the 

gradient of the driving laser field. 

The generation of phase-matched HHG in the near cut-off region by using a moveable 

focusing lens in a semi-infinitive gas cell has been obtained [20]. The effect of the neutral gas 

dispersion on the pump beam, the plasma dispersion due to ionization and the phase change 

along the focusing beam can be balanced under certain conditions. Phase-matching high 

harmonic generation at very high photon energy is difficult because a strong driving field is 

required that creates a large free-electron dispersion through strong ionization of the gas. 

Three important effects are involved in the ionization of the medium: Depletion of the 

medium, plasma dispersion due to the free electrons, and defocusing of the laser beam by the 

radial distribution of the electrons. For a 800 nm driving laser, the “critical” ionization levels 

above which true phase matching is not possible are ~ 3.8 % for argon; thus efficient phase-

matched HHG has been demonstrated only at photon energies < 50 eV for argon [20, 21]. 

When the true phase matching is not possible quasi-phase matching (QPM) techniques have 

been employed to generate high photon energy harmonics at high ionization levels [22, 23]. 

In the QPM configuration the nonlinear process in the medium where the induced 

polarization and the harmonic field are initially out-of-phase is cancelled or their phase is 

changed. Previous work has demonstrated that QPM schemes can enhance HHG by 

modulating the driving laser intensity in modulated waveguides [24], by using interference 

patterns created by a sequence of counter-propagating light pulses [25], by using a sequence 

of gas jets [26] or by using mode beating in a multi-mode waveguide [27]. 

The chosen of different geometry for the harmonic generation process and the process of 

plasma formation and of nonlinearity lead to a complex spatially and temporally dependent 

induced nonlinear polarization in the interaction medium and thus strongly determine the 

conversion efficiency, the spatial, spectral and temporal properties, and the coherence of the 

harmonic emission. In particular, it has been shown that the large and time-varying refractive 

index due to the plasma produced when focusing the driver pulse into the nonlinear medium 
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is the major reason why high-harmonic generation experiments only exhibit partial coherence 

[28]. Therefore, and because of the highly nonlinear nature of high-harmonic generation, each 

of the harmonic sources that are currently in operation is unique in its experimental setup and 

the characteristics of the resulting harmonic output. 

 

 

2. THEORETICAL BACKGROUND 
 

2.1. The Single Atom Response in High Order Harmonic Generation 
 

The semi-classical or the so-called ‘Three-step model’ allows high harmonic generation 

to be described quantitatively and to be understood qualitatively to a certain extent. This 

model allows the main characteristics of high-harmonic generation to be explained. Quantum-

mechanical models [29, 30] extend this model and provide corrections in both the qualitative 

and quantitative description. In the first step of this model, the electric field of a high-power 

ultra short laser pulse perturbs the Coulomb barrier binding the outer electron to the nonlinear 

medium. The electric field is so strong that the Coulomb barrier is suppressed and the electron 

can undergo tunneling through the Coulomb barrier in continuum state (Figure 1a). In the 

second step, the trajectory of the electron is described on the basis of a free particle in the 

laser electric field. The electron exhibits harmonic motion in the laser electric field and gains 

momentum. In the third step, when the electric field changes its sign (Figure 1b), the electron 

traverses its trajectory and can return to interact with the ionic parent (Figure 1c). 

Ifrecombination occurs, the photon with higher energy than the incident photon can be 

emitted. 

 

 

Figure 1. Three step model of the high order harmonic generation. 

Only when the laser electric field is linearly polarized can the electron can return to the 

ionic parent. For elliptic polarization there are no classical electron trajectories and the 

electron cannot return to parent ion. However, for a slightly elliptical field, high-harmonic 

generation is not suppressed, but significantly reduced, that is, due to the finite extent of the 

electronic wave packet and quantum diffusion effects [29, 31]. Rescattering and recollision 

processes [32] play animportant role in shaping the spectrum of high-harmonic generation. To 

estimate the maximum harmonic order that can be generated by an intense laser beam, the 

intensity at which the laser field becomes comparable to the Coulomb field of an atomic 

nonlinear medium needs to be estimated. 

Kulander et al. and Corkum suggested that the maximum of harmonic photon energy or 

so-called harmonic cut-off is given by [29, 33, 34] 
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Ecut−off = Ip + 3.17Upond,       (1) 

 

where Ip is the ionization energy of the generating medium and UpondI
2
 is the 

ponderomotiveenergy which scales linearly with the laser field intensity I and quadratically 

with the wavelength of the fundamental laser beam (). The ponderomotive energy is the 

mean kinetic energy of an electron oscillating in a harmonic laser electric field. The 

ionization energy of common noble gases is given in table 1. 

 

Table 1. Ionization energy in eV of the noble gases 

 

Element IP 

He 24.6 

Ne 21.6 

Ar 15.8 

Kr 14.0 

Xe 12.0 

 

As a free particle in the laser electric field, the electron experiences the force 

 

F = meẍ = −eE0cos(0t+ )       (2) 

 

where me is the electron mass, x is the location of the electron with respect to the centre of the 

atom, e is the electron charge, 0 is the frequency of the driving laser field and t and  are the 

time and the phase when the electron is injected into thevacuum. Here t = 0 is the time when 

the electron leaves the atom. Integration of equation (1.2) leads to 

 

ẋ= −eE0(sin (0t+ ) − sin ()) /me      (3) 

 

Assuming there is no drift to the motion of the electron, that is,  = 0, the mean kinetic 

energy is given by 

 

Up = me<ẋ>
2
 /2 = e

2
I/ (20

2
me0c)      (4) 

 

where c is light speed and Up is the ponderomotive energy. The maximum kinetic energy that 

the electron can accumulate in the laser electric field is the sum of the ionization energy Ip of 

the nonlinear generating medium and the ponderomotive energy that is proportional to the 

laser intensity I. This implies that harmonic photons of high energy can routinely be 

generated by means of high peak-power ultra short pulse laser systems. For example, if the 

laser intensity I ~1.67 × 10
14

 W/cm
2
 and the wavelength of the driving laser pulse is 800 nm, 

then Up ~ 10 eV. Thus the ponderomotive potential is of the same order of magnitude as the 

ionization energies of the neutral noble gases. 

The generation of these high-energy photons requires one to enter the regime of high-

field optical science via high peak power ultra short laser pulses. Pulses with a peak power > 

10
12

W can be delivered by a table-top system. Pulses with a peak power > 10
15

 W can be 

obtained from even larger system and by focusing these pulses, light intensities of > 10
20 
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W/cm
2
 can be achieved. However, the brightness of the harmonic radiation and the cut-off 

energy are determined by a complex interplay of several mechanisms and are not only 

determined by the laser electric field intensity. Integration of equation (3) allows one to 

determine the trajectory of the electron in the laser electric field. The recombination time is 

the time after the electron recombines with the parent ion, that is, the time when the electron 

wave-packet returns to the origin of location. This is determined by the following equation 

 

(cos (0t+ ) − cos ()) = - 0tsin ())     (5) 

 

The maximum kinetic energy of the electron in the laser electric field is given by 

 

Emax = me<ẋ>
2
/ 2 = 2Vpond [sin (0t+ ) − sin ()]

2
    (6) 

 

The electron acquires the maximum kinetic energy when it is released at a phase =17
0
. 

The scaling factor 2 [sin (0t+ ) − sin ()]
2
 versus the phase  at the time ofrelease is shown 

in Figure 2. The maximum photon energy after recombination with the ionic parent medium 

to the former ground state is therefore given by [29, 33, 34] 

 

Ecutoff = Ip + Ekin,maxIp + 3.17Up.      (7) 

 

 

Figure 2. Scaling factor of the kinetic energy of the electron as a function of the phase of the laser 

electric field at the time of release. 

However, different values for the scaling factor of the ponderomotive potential have been 

reported. Based on [35] the scaling factor is calculated to be 3, while propagation effects for 

very high laser intensities can possibly lead to a scaling factor of ~ 2 [36], and the harmonic 

spectrum can be extended to Ip + 8Up when phase-locked high-order-harmonic and sub 100 as 

pulses are generated from stretched molecules [37]. We note that the equation for the cut-off 

energy depends on the assumption that the laser intensity is a constant. This assumption does 

not hold when very short pulse is applied because the laser intensity can change during a 

single period and therefore the cut-off energy rule might not be applicable. It is interesting to 

note that the noble gases with high ionization energy (e.g., helium) that produce very high-

order harmonics generate but the radiation is less bright due to a smaller cross-section and 
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associated nonlinear susceptibility. In other word, in atoms of large diameter the electron 

wave-packet is less tightly bound to the Coulomb potential and thus undergoes a smaller 

spread before returning and recombining with the parent ion compared to the tightly bound 

electron wave-packet of smaller atoms. 

 

 

2.2. Propagating and Phase Matching  
 

Studying the HHG process in a single atom response basically provides the predicted 

shape of the harmonic spectrum but it cannot predict the observed harmonic yield. To obtain 

strong harmonic emission a long interaction medium is necessary therefore propagation 

effects need to be considered. The output harmonic intensity is the coherent build up of 

harmonic radiation from an atom ensemble. For coherent construction of the harmonic 

emission, the wave-fronts of the fundamental laser and the generated harmonics must be in 

phase. Atoms along the path of the laser produce harmonics field which is propagating with 

the laser field. When the generated harmonics fields are in phase, there are constructive 

interference and these harmonics combine to build up the total harmonic emission.The speed 

of the incident and the harmonic waves depend on the index of refraction and thus depend on 

the wavelength. The propagated distance over which the polarization and the harmonic wave-

fronts slip out of phase by , is the so-called coherence length 

 

Lcoh= /k         (8) 

 

qkqkk  0         (9) 

 

where k is the phase-mismatch in the propagation direction and where k0 and kq is the wave 

vector of the fundamental and harmonic radiation. After traveling a distance of one coherence 

length, the fundamental driving laser pulse and the generated harmonic radiation of a 

particular harmonic order q are out of phase. The number of photons for the q
th

harmonic Nout 

(the harmonic intensity) emitted on-axis per unit of time and area is given by [38] 
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where ρ is the gas density, Labs is the absorption length, Lmed is the interaction length and dq is 

the atomic response. If the absorption of the medium is neglected, i.e., absL  is much larger 

than Lmed, then equation (10) reduces to  
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Since Lcoh scales linearly with 1/q, phase matching becomes more difficult with 

increasing harmonic order q. This means that higher-order harmonics go in and out of phase 

with the fundamental radiation more often than lower-order harmonics. Two phase-matching 

regimes exist [39]. In the first regime phase matching is achieved early in the driver pulse. 

The atomic dispersion counter balances the Gouy phase shift dispersion. This regime applies 

to lighter elements, such as helium. In the second regime, phase-matching is achieved when 

the electronic dispersion counter balances the atomic dispersion. When going from lighter to 

heavier elements, such as argon, the first phase-matching regime is replaced by the second 

regime. 

The amplitude of the high harmonic dipole dq is dependent on the intensity of the driving 

laser field with peak intensity I0, which varies along the focusing direction (z) and 

perpendicular to the focusing direction across the beam profile (r), and is also dependent on 

properties of the gas medium such as the ionization energy and the orientation of the atoms or 

molecules relative to the driving field. In the single atom response model, dq scales as IL
3
 [40] 

in the intensity window of the driving pulse I toI+dI. 

The phase mismatch k along the axis of the fundamental laser beam can be expressed 

 

k(z) =-2Pq(1-)n(z)/+ PqNere+ (dipole phase term) + (geometric term) (12) 

 

where  is the laser wavelength; P,  and re are the gas pressure, ionization fraction and 

classical electron radius, respectively; Ne is the density of free electrons, n = nlaser – nq is the 

difference of the refraction index of the gas per unit atmosphere at the fundamental and 

harmonic wavelengths, respectively. 

The phase-mismatch is a separate issue from the reabsorption of harmonic emissionfrom 

the generating medium. Reabsorption [38, 41, 42] plays a role when the harmonic radiation is 

already phase-matched. The harmonic yield is limited by several phase-mismatch phenomena, 

such as different diffraction rates for the driving and generated radiation, the dependence of 

the refractive index on the wavelength of the fundamental and harmonic radiation, and the 

dependence of the intrinsic phase of the harmonic emission on the intensity in both the radial 

and longitudinal direction. 

 

i) Material Dispersion 

The phase mismatch contribution due to material dispersion for q
th 

harmonic is given by  

 

)(
 ) -Pq(12

harmoniclaserq nnk 




     (13) 

 

The refractive indices of the noble gases are close to unity and depend on the frequency. 

For a fundamental wavelength λ = 800 nm, 
4108.21)(n   and for harmonics q> 21, 

)101()101()( 64  qn   at 1 atm and 273K, where λq is the wavelength of the q
th

 

harmonic. The refractive index is proportional to the gas pressure (in atm) and when the gas 

medium is ionized the density of neutral atoms is also proportional to the fraction of 

ionization, . For a gas pressure of 50 Torr, and assuming the ionization fraction in the 
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medium is 1 %, the neutral dispersion phase mismatch for harmonic 25
th
 (H25) is found to be 

around 45 cm
-1

. When a laser with high intensity propagates through a medium, this also 

causes a change in the refraction index in proportion to the laser intensity. This change is 

known as the instantaneous nonlinear refraction index and given as 

 

)t(Inn 2         (14) 

 

where n2 is the nonlinear refractive index. 

 

ii) Plasma Dispersion 

When harmonic radiation is generated at intensities that are high enough to ionize the 

generating medium, refraction due to the plasma has to be taken into account as it can 

severely limit the coherence length and thus the harmonic yield. The index of refraction of 

plasma is given by 

 

2

0

2

0 1)(



 P

Pn 

       (15) 

 

where 0  is the laser frequency, and 
P  is the plasma frequency. The plasma frequency is 

given by  

 

e

e
P

m

N
e

0
 

        (16) 

 

where Ne is the density of free electrons 0  is the vacuum permittivity and me is the electron 

mass. Since the laser frequency 0  is much larger than the plasma frequency 
P , i.e., 

2

0

2

P  , equation (15) can be rewritten 

 

2
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2
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       (17) 

 

From equation (17), it is clear that the refractive index for plasma is always less than one 

and depends on the frequency of the fundamental laser pulse. If we define PcohL ,  as the 

coherence length relating to the plasma dispersion, PcohL , can be calculated from 
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Then 
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where 

0

20
c

1


  is the vacuum permittivity. If we assume q>>1, then equation (19) is 

given approximately by 
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       (20) 

 

From equation (20), we can see that the coherence length scales inversely with the 

harmonic order. In addition, to produce a higher order harmonic, a higher intensity of the 

fundamental beam needs to be applied. This leads to an increase of the ionization rate and 

free electron density. Therefore, the plasma phase mismatch becomes more important with 

increased harmonic order. 

 

iii) Contribution of Atomic Dipole Phase 

The atomic dipole phase mismatch is an intensity dependent phase mismatch and has 

been theoretically studied [43] as well as experimentally investigated [46]. The origin of this 

phase is the trajectory acquired by the electron leading to the emission of the harmonic in the 

continuum state. To a first approximation, the phase of the atomic dipole varies linearly with 

the laser intensity. The laser intensity can vary spatially in both the longitudinal and radial 

directions. Therefore, the atom dipole phase also varies axially as well as radially. This leads 

to reduced harmonic emission as well as strong spatial distortion [44]. It may be possible to 

find situations in which the intrinsic phase can be played against the geometrical phase 

mismatch in order to improve overall phase matching [43]. For a Gaussian laser beam with 

intensity along the direction of propagation 
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the contribution of the dipole phase to the phase mismatch on axis of the q
th

 harmonic, 

q , is given by [45, 46] 
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where q  is a coefficient related to the electron trajectories ( W/cm1051 214

q

  

for the short trajectory and W/cm102520 214

q

  for the long trajectory) and b is 

the Rayleigh length. 

 

iv) Contribution of Geometry 

Geometrical phase mismatch for the focusing beam in free space is primarily due to the 

Gouy phase shift when focusing a laser beam as described in detail in [47]. When W0
2
 = 

zR/ is half the beam waist with respect to the centre of focus, the beam waist is W(z)
2
 = W0

2
 

[1+(z/zR)
2
].The R(z) = z(1 + (zR/z)

2
) is the radius of curvature of the wave-fronts, and (z) = 

tan
−1

(z/zR) is the Gouy phase. The Rayleigh length zR is related to the confocal parameter via 

b = 2zR. The phase for the q
th
 harmonic at each point where it is produced along z is q = 

q(z). Thus the Gouy phase shift for the harmonics is negligible. The coherence length 

becomes longer when the medium is away from the focus. Thus the focus of the driving laser 

beam can be increased relative to the gas jet to confine the interaction region to a single 

geometrical coherence length. The intensity of the driving laser field varies in the longitudinal 

and transversedirections. The dipole phase of the generating medium varies in the 

longitudinal and transverse directions. This can lead to on- and off-axis phase-mismatch and 

deterioration of the desired spatial harmonic profile and the harmonic yield [43, 44, 48]. The 

geometrical contribution on phase matching is dependent on the geometrical configuration, e. 

g., other geometrical contribution need to be considered when a hollow fibre or Bessel beam 

is applied. 

 

 

Figure 3. Quantronix femtosecond multi-pass amplifier system. 

The large and time-varying refraction index associated with free electrons has been 

caused the reduction of coherence of harmonic radiation. The harmonic emission at any 

particular wavelength can result from multiple electron trajectories. These trajectories are 

characterized by injection of the electron into the continuum state at different phases. For 
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each particular harmonic order two separate electron trajectories generate the same photon 

energy. However, these electron trajectories involve slightly different ionization and 

recollision times. Thus acomplex and spatially varying multimode wave-front of the harmonic 

radiation can be created and can be the reason why the harmonic beam lacks the 

characteristics of the fundamental laser beam. In many-cycle driver pulses many optical 

cycles can contribute to the signal of a particular harmonic order, and thus potentially lead to 

a degradation of the coherence properties. Spatial coherence can easily be measured by means 

of Fresnel bi-mirror interferometry, and a double-pinhole or a double-slit experiment [49]. 

The correlation between the phase of the radiation emerging from both sources determines the 

visibility of the interference fringes observed. If the phase difference is constant and 

deterministic, and thus correlated, the visibility will be unity, whereas any coherence 

degradation or variation in the phase difference will result in a visibility smaller than unity. 

 

Table 2. Specifications of the laser output of the Quantronix system 

 

Centre wavelength 805 nm 

Pulse energy 10 mJ 

Pulse width (sech
2
) 30 fs 

Beam size  12 mm 

Beam quality (M
2
) 1.6 

Instability  < 1% 

Repetition rate  1 kHz 

Output polarization Horizontal 

 

 

3. EXPERIMENTS FOR HIGH HARMONIC GENERATION 
 

3.1. High Power Femtosecond Laser System 
 

An important tool for harmonic generation is the high power laser system. The most 

popular table top high power femtosecond laser is a chirped pulse amplification system. The 

system consists of a femtosecond oscillator and a regenerative or a multi-pass power 

amplifiers. The femtosecond pulses with low pulse energy (sub nJ) has been generated by a 

Titanium: Sapphire (Ti:Sa) oscillator. The amplifier allows amplification of the pulse energy 

of sub nJ energy to a level of a mJ. The typical operating repetition rate is 1 kHz. The 

technique of chirped pulse amplification is based on stretching the short pulse in time by 

introducing a frequency chirp onto the pulse which increases the duration by a factor of 10
3
-

10
4
, amplification of the long duration pulse and then compression of the pulse for obtaining 

short pulse at the end. The mechanism of this technique follows in steps. Firstly, the pulse is 

stretched by propagation of the short pulse in a special grating system which exhibits negative 

dispersion. The stretching of the pulse leads to a significant reduction of its intensity which 

removes the tendency of gain medium damage due to the high intensity of the short pulse. 

Secondly, the beam passes through the gain medium multiple times with (in regenerative 

amplifier) or without (in multi-pass amplifier) the use of a cavity. Compared to a regenerative 

amplifier, the number of path way in multi-pass amplifier is small that requires a higher gain 
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per pass but that help to reduce the high order chirp in amplified pulse. Finally, the amplified 

pulse is compressed by using a grating pair which exhibits positive dispersion for an output 

pulse with ~ 30 fs duration and up to 10 mJ energy. Figure 3 shows the Quantronix multi-pass 

amplifier system which has been used for high harmonic generation at Centre for Atom 

Optics and Ultrafast Spectroscopy at Swinburne University of Technology Australia. The 

typical parameters are shown in table 2 

 

 

Figure 4. Schematic diagram of the fundamental experimental setup for generation and detection of the 

harmonic radiation. 

 

3.2. Experimental Arrangement for High Order Harmonic Generation and 

Application 
 

The principle experimental arrangement for generation and detection of the harmonic 

radiation is shown in Figure 4 [20]. The output of the amplifier system, known as the 

fundamental laser beam, is passed to the high harmonic generation apparatus. This beam is 

focused by a focusing lens into a 200 mm long gas cell (semi-infinite gas cell) with a glass 

window at the entrance and ~ 0.1 mm pinhole at the exit which is used to separate the vacuum 

chamber from the gas filled cell. The input window is placed close to the lens to avoid 

continuum generation and the output pinhole on the thin aluminum plate is drilled online by 

the laser to ensure the alignment of the laser beam. The effective peak intensity at the focus is 

approximately 10
14

-10
15

 W/cm
2
which can be controlled manually or automatically. The 

aperture and the combination of a half-wave plate and a polarizing beam splitter which are 

placed before the focusing lens are used to control the fundamental laser beam. Changing the 

laser beam by adjusting the aperture affects not only the intensity but also the beam profile of 

the harmonics [50]. The gases that can be used are argon, neon, helium, or molecular gases, 

like nitrogen, oxygen. The high harmonics generated on-axis or close to the optical axis pass 

through a metal filter (aluminum, zirconium or silver), which removes the fundamental beam. 

Depending on which XUV range will be detected, different kinds of ultra-thin metal foils 

having thicknesses of 100 μm to 300 μm are applied. 

Using difference vacuum pump stages the pressure in the vacuum chamber is kept less 

than 10
-3

-10
-4

Torr for the last vacuum chamber section the so-called experimental chamber. 
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For measurement of the HHG spectrum, a grazing incidence spectrometer (GIMS #4 – 

Setpoint) with a grating (150, 300, 600, or 1200 grooves/mm) is inserted into the beam path. 

A 13 mm x 13 mm CCD chip with 13 m pixel size (Princeton Instruments PIXIS-XO) is 

used as the detector. The HHG photon number Nphoton is calculated from 

 

ph

photon
EQE

a
N

65.3




       (23) 

 

where a is the number of counts per CCD pixel, η depends on the setting of the hardware gain 

given by the manufacturer, QE is the quantum efficiency of the detector which is nearly 

constant over the range of photon energies 20–200 eV, and Eph is the photon energy. 

 

 

4. CHARACTERISTICS OF THE HIGH HARMONICS BEAM 
 

In general, the high-harmonic generation power spectrum exhibits a typical behavior 

[51]. The intensity of the few very low (2
rd

, 3
th

) harmonic orders drops by several orders of 

magnitude. The power spectrum then levels off into a harmonic plateau where the intensity of 

adjacent harmonics varies only slightly. Then the power spectrum drops sharply in intensity 

over the last few orders and thus virtually comes to an end. The power spectrum depends 

strongly on whether the high-harmonic generation is produced by excitation pulses consisting 

of a few optical cycles or many optical cycles [3, 52-54]. Characteristics, such as conversion 

efficiency, spectral resolution and noise, spectral cut-off, observation of even and odd orders, 

and observation of harmonic sub-bands representing attosecond pulses, are all related to the 

length of the pump pulses with respect to the length of the carrier frequency. 

 

 

Figure 5. HHG spectrum with argon gas when the laser energy is 0.4 mJ. 
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4.1. Influence of Driving Laser Intensity on Harmonic Spectrum 
 

A combination of a half-wave plate and a polarizing beam splitter, which is placed in the 

beam path before the focusing lens, are used to control the laser energy precisely and 

continuously without any change of the focusing geometry. High order (up to 25
th
) harmonic 

can be generated with low laser intensity (0.2 mJ,  8.10
13

W/cm
2
) at gas pressure of 80 Torr. 

The focus of the beam is close to exit pinhole. A narrow harmonic spectrum is observed for 

all available harmonics when the laser intensity at 0.4 mJ is used as shown in Figure 5. The 

laser intensity can be changed to a maximum value of 3.6 mJ by rotating the half-wave plate 

and in this case the ionization fraction can be very high. The laser intensity dependence of the 

on-axis harmonic spectrum, which is the spectrum part detecting on the axis of fundamental 

laser, and the off-axis spectrum part is different. 

A broadening and splitting of the harmonic spectrum are observed when laser intensity 

increases as shown in Figure 6 for 21
st 

harmonic (H21) for the off-axis part. Similar feature 

have been seen for other harmonics. In Figure 6, spectrum is modulated at same laser 

intensity likely an interference fringes. A first fringe with a maximum blue-shifted 

wavelength of ~ 1.4 nm, a second fringe with a maximum blue-shifted wavelength of ~ 0.8 

nm and a third fringe with a maximum blue-shifted wavelength of ~ 0.2 nm are observed for 

laser energies 0,6 mJ, 0.9 mJ and 1.6 mJ, respectively. 

 

 

Figure 6. Measured H21 spectrum of the off-axis selection as a function of the laser energy. The black 

lines are calculated from equation 24, fitted to the experimental spectrum. 
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Figure 7. Intensity of harmonic H21 as a function of the energy of the fundamental laser. 

Figure 7 shows the spectral integrated intensity of H21 as a function of the laser energy. 

The development of the harmonic intensity with laser energy, i.e., the harmonic conversion 

efficiency, is relatively complicated and low which may be explained by a large plasma phase 

mismatch resulting from the very high free electron density in the medium. The defocusing 

effect due to the high ionization fraction plays an important role at high laser intensity 

therefore a saturation of the harmonic intensity can be seen for laser energies higher than 

2.3mJ. For high laser energy, the influence of the modulation of the harmonic dipole phase 

and the high ionization on the harmonic spectrum can be clearly observed. In addition, the 

change of the harmonic spectral line for the off-axis region which has the dominant 

contribution of the long trajectory with large coefficient, αq, would be stronger than that for 

the on-axis region. Although the strongly ionized medium may significantly influence the 

spectral properties of the fundamental laser, this only causes an overall spectral shift, not 

double peak structures of the driving laser field [55]. Therefore the spectral features in Figure 

6 do not originate from the structure of the fundamental spectrum. 

To compare the experiment with the theory, we perform a calculation of the H21 

spectrum as a function of the laser pulse energy. The maximum frequency in the harmonic 

spectrum as a function of the laser intensity is given by [56] 
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We estimate that the diameter of the focus point is around 150 μm and we neglect the 

defocusing effect in this laser energy range and then the laser intensity axis can be converted 

linearly from the laser energy axis. For different intensities In, i.e., different fringe patterns, 

the coefficient, α, is adjusted to obtain the best agreement with the experimental harmonic 

spectral lines. The simulated results are shown by the black lines in Figure 6. We find that the 

maximum coefficient is around 11.5×10
14

 cm
2
/W which is consistent with a larger 

contribution from the long trajectory in the off-axis region. In the experiment the exponential 
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shape of the harmonic spectral distribution can be observed on blue wing of spectrum. But we 

cannot see clearly the red wings (the dashed lines) and this is likely to be due to the 

significant plasma phase mismatch induced by the strong ionization rate on the trailing edge 

of the pulse which distorts the harmonic emission on this edge. The experimental spectral 

lines do not shift anymore for laser energies higher than 2.3 mJ. As explained above, this is a 

direct consequence of the almost saturation of the laser intensity induced by the defocusing 

effect and this is also seen through the saturation of the harmonic intensity for laser energies 

higher than 2.3 mJ in Figure 7. 

 

 

Figure 8. Measured H21 on-axis selection as a function of the laser energy. The black lines are 

calculated from equation 24, fitted to the experimental spectrum (a); and the harmonic spectrum for a 

laser energy ~ 3.3 mJ (b). 

The variation of the spectral line in the on-axis region where theoretically the short 

trajectory predominantly contributes to the harmonic radiation is slightly different as shown 

in the Figure 8. For laser energies less than 0.6 mJ, as the laser energy increases, the harmonic 

signal increases and the spectrum still appears to be narrow. For laser energies greater than 

0.6 mJ, the spectrum exhibits a blue-shifting causing the first fringe. We would observe a 

second fringe when the laser energy is ~ 0.9 mJ. However, because this shifting may be very 

small a second fringe cannot be seen. Similarly to the case of the off-axis selection, by 

performing a simulation and fitting to the experimental results, we find a maximum 

coefficient  ~ 7×10
14

 cm
2
/W which is in agreement with the major contribution of the short 

trajectory. When the laser energy is above 3 mJ, we can observe a slight splitting between the 

blue wing of the first fringe and the central component. The splitting becomes stronger with 

increase of the laser energy and may be attributed to the modification of the harmonic 

propagation in the ionizing medium. In order to see this splitting clearly, The inset in Figure 8 

shows the measured harmonic spectrum for a laser intensity of ~ 3.3 mJ. We note that the 

harmonic intensity is not increased for laser intensity higher than 2.5 mJ. Because the 
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ionization has a strong influence of harmonic spectrum and intensity we propose to use the 

aperture to control this parameter. 

 

Figure 9. HHG spectrum at the laser energy of 2.1 mJ. The aperture is used for minima the phase-

mismatch. 

 

 

Figure 10. Spectrum of four intensive harmonics (a) and of selected 25
th
 harmonic (b) as a function of 

the laser energy. 

The half-wave plate and the polarizing beam splitter are positioned so that the laser 

energy coming after the polarizing beam splitter is maximal (~ 4 mJ). The aperture diameter 

is varied so that total harmonic intensity is maximum for on-axis emission and to be obtained 

spectrally narrow which is typical for a dominant contribution from the short trajectory 

emission. Under these conditions, the energy of the fundamental laser is measured to be 2.1 

mJ and diameter of the aperture of the beam is ~ 6 mm. By using the aperture to control the 

ionization fraction at the maximum laser energy, we can ensure that during scanning of the 

laser energy, the ionization fraction is kept below the critical ionization level (e.g., for argon, 
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the critical ionization fraction is less than 5 % [57]). Figure 9 shows the observed harmonics 

spectrum at the laser energy of 2.1 mJ. 

Figure 10 shows the spectrum of the four strongest harmonics (Figure 10a) and the 

selected harmonic H25 (Figure 10b) as a function of the laser energy. Remarkable broadening 

or splitting of harmonic spectrum is not observed. The spectrum remains narrow with high 

intensity on-axis during scanning of the laser energy from the minimum to the maximum 

value. This behaviour indicates that the short trajectory whose coefficient, αq, is relatively 

small contributes predominantly to the harmonic emission during the scanning of the laser 

energy. The influence of the ionization and the harmonic dipole phase, which vary strongly 

during scanning of the laser energy, on the HHG process cannot be observed by examining 

the harmonic spectrum in this case. 

The spectrally integrated intensity of the on-axis harmonic H25 when the laser energy 

varies from 0.6 mJ to 2.1 mJ (the H25 harmonic appears when the laser energy is around 0.6 

mJ) is displayed in Figure 11. The increasing of the harmonic signal at low laser intensity 

(below 1.2 mJ) can be fitted very well with the scale of I0
6
, where I0 is the laser intensity. For 

low laser intensity, there is a minor influence of the ionization on the phase mismatching and 

the phase mismatch is very small ( 0). When the laser energy is above 1.2 mJ the ionization 

fraction becomes higher and, especially for the gas cell geometry, the rapid increase of 

ionization causes strong plasma dispersion. The laser intensity dependence of the harmonic 

yield in this region becomes more complicated. Indeed, in Figure 11, for E0 > 1.2 mJ, it is 

shown that the increasing of the harmonic intensity with laser energy is slower due to the 

strong influence of the phase mismatch. In addition, the defocusing effect due to the high 

ionization fraction causes reduced focusing. Therefore, the laser intensity does not scale 

linearly with the laser energy. The considerable phase mismatch and the defocusing leads to 

almost saturation of the harmonic yield at a laser energy of ~1.9 mJ. 

 

 

Figure 11. Intensity of the harmonic H25 for argon gas when varying the laser energy of the 

fundamental laser. 

In the high energy regime, the development of the harmonic intensity as a function of I0 

can be fitted with a linear dependence of the phase mismatch on laser energy. The linear 
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dependence of the phase mismatch on laser energy reflects the important contribution of the 

harmonic dipole phase term to the phase mismatch than that of the plasma dispersion and the 

neutral gas dispersion. 

In Figure 10b, for laser energies less than ~ 1.8 mJ, we observe a small blue-shift (Δλ< 

0.1 nm) in the H25 spectrum with increasing laser energy. This may be due to the larger 

contribution of the electrons accelerated in the leading edge of the laser pulse to the harmonic 

generation process and the dominant harmonic emission with the short trajectory. However, 

for laser energies higher than ~ 1.8 mJ, the defocusing effect causes almost saturation of the 

laser intensity and therefore the shift is no longer visible. 

 

 

Figure 12. Profile of the harmonic beam with the laser focus position in the exit plane (left), 5 mm 

(middle) and 10 mm (right) inside the gas cell and for  = 0.44 (top), 0.56 (middle) and 1 (bottom). The 

points indicate that the harmonic intensity is maximum (1), 41% (2) and 19% (3) of the maximum 

intensity, respectively. 
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Figure 13. Spectral characteristics across the harmonic beam with the laser focus in the exit plane (left), 

5 mm (middle) and 10 mm (right) inside the gas cell for,  = 0.44, 0.56 and 1. The spectrum was 

measured at different points (1 - black line, bottom), (2 - red line, middle) and (3 - blue line, top) which 

is shown in Figure 12. 

 

4.2. Using of Aperture for Control of the Spatial and Spectral Characteristic 
 

By properly adjusting the size of aperture which is localized in front of focusing lens we 

can generate harmonic emission that is confined to effectively few intense harmonic orders 

around ~ 30 nm in a semi-infinite argon gas cell [20, 58]. The laser intensity and also the 

ionization rate at focusing is decreased with decreasing of aperture diameter a. The focused 

intensity I will increase steadily with the truncation coefficient
2)/( wa , where w  is the 

spot size of the Gaussian beam at the plane of the aperture. 

The maximum laser intensity of 214

max  W/cm100.5 I  is chosen in our configuration 

with 80 Torr argon gas. According to the Ammosov- Delone-Krainov ionization rate model 

[59], the Imax intensity generates a plasma fraction of 0.36, which is reached approximately 8 

fs after the peak of the electric field when the neutral medium is depleted by 20 %. 

The beam profile of the harmonic emission is varied strongly for difference the aperture 

diameter and the position of the laser focus. The spectral characteristics across the harmonic 
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beam profile with the different laser focus placed in the exit plane of the gas cell, as well as 5 

and 10 mm inside the gas cell, for,  = 0.44, 0.56 and 1 display in Figure 13. The spectra are 

sampled at different points 1 (centre), 2 (perimeter of 41% intensity) and 3 (perimeter of 19% 

intensity) across the spatial domain of the harmonic beam as denoted in Figure 12. For 

relative comparison the power spectra have been normalized. 

For 44.0  a good beam profile of elliptical beam shape is obtained as distorted parts 

of the fundamental laser beam are discarded due to the small aperture diameter and the effects 

of plasma dispersion and defocusing are very small due to the low ionization level. For this 

value of   the highest harmonic order - the 35
th
 - can be detected when the laser focus is 

placed 10 mm inside the gas cell. The intensity associated with this particular harmonic order 

incorporates the ion rate 05.0 , which is still small. Spectral characterization across the 

harmonic beam for all three interaction lengths reveals that the spectral range and the relative 

weighting of the harmonic orders are homogenously distributed across the harmonic beam to 

a good approximation. 

For 56.0 , when distorted parts of the laser beam can pass the aperture, distortions of 

the harmonic beam in its spatial domain can be observed and are more severe when the laser 

focus is placed at the exit of the gas cell. When  is large a significant plasma formation, up 

to 36.0 , takes place and manifests itself in an increased spectral width as well as 

spectral blue-shifting [29-30]. These effects are more prominent for a longer interaction 

length when the laser focus is placed inside the gas cell. The relative weighting of the power 

spectra depends strongly on the interaction length whether the maximum order can be 

detected in the centre or off-centre. When the laser focus is placed in the exit plane of the gas 

cell, the centre exhibits the highest order – 31
st
. However, when the focus is 10 mm inside the 

gas cell, the highest harmonic order – 33
rd

 – can be measured off-centre. Due to the 

significant amount of generated plasma for larger , and in particular for 1 , defocusing 

can take place and generation of higher harmonics becomes less efficient in the centre of the 

beam. 

When placed at the exit of the gas cell, the highest harmonic order is the 29
th
 and detected 

in the centre. Off-centre the power spectrum exhibits harmonic orders up to the 29
th
. 

However, when the laser focus is placed 10 mm deep inside the gas cell, the off-centre power 

distribution exhibits more intense higher harmonic orders as well as the highest harmonic 

order. In all cases significant red- as well as blue-shifting of the harmonic orders across the 

beam occurs. It is also interesting to note that the off-centre spectra from the two different 

perimeters resemble each other but are very much different compared to spectral power 

distribution measured in the centre of the harmonic beam. 

 

 

4.3. Spatial Coherence of High Order Harmonic Beam 
 

In order to measure the degree of spatial coherence the different Young double-slits 

(YDS), which consist of two parallel slit with a same width, are used. The Young double-slits 

are used to extract information about the degree of spatial coherence as well as the power 

spectrum of the multiple-harmonic order emission as shown in [60, 61] and in our work [62]. 

The interference pattern of a monochromatically illuminated Young double-slit for each 



L. V. Dao  84 

spatial coordinate x on the detector and each wavelength  within the power spectrum is 

given by [63] 

 

I(x|)  |12|cos[2xD/Z] sinc
2
[W/Z]     (25) 

 

where W is the slit width, D is the distance between centre of two slits, Z is the distance 

between slit and detector, and 12 is the complex degree of coherence. For a typical 

measurement of the coherence properties of a (quasi-) monochromatic source the fringe 

visibility of interference pattern is given by 

 

v= (Imax – Imin) /(Imax + Imin)       (26) 

 

where the Imax is the intensity of the centre and Imin is the intensity of the first minimum of the 

interferogram. The degree of spatial coherence |12|is related to the fringe visibility v by 

 

|12|= v(I1+I2)/(4I1I2)
1/2

       (27) 

 

where I1 and I2 are the intensity of the field at two individual slit of Young double slit. Figure 

14a shows the interferogram recorded by the CCD and the interference pattern when the 

Young’s double slit with slit spacing of 20, 50 and 100 μm is used and the slit is illuminated 

by all harmonic orders. The CCD is localized 600 mm away from the YDS. For more detail 

study of the coherence degree, a spectrometer is used to disperse the spectrum in the different 

harmonic order. The YDS is perpendicular to entrance slit of spectrometer and the 

interference pattern will be observed along y-direction of CCD detector. The interference 

pattern are shown in Figure 14 b,c for YDS with slit spacing of 20 μm and 100 μm. A fringe 

visibility of ~ 0.95 is measured for centre part with slit spacing of 20 μm (Figure 15a). The 

fringe visibility decreases linearly to a value of ~0.85 and 0.70 for the 50 μm and 100 μm 

spaced Young double-slit pair, respectively. When all harmonics are used for illuminating the 

YDS, the fringe visibility decreases for large spatial coordinate especially for YDS with large 

slit spacing (Figure 15 a, b). 

 

 

5. MULTIPLE-HARMONIC-ORDER COHERENT DIFFRACTIVE IMAGING 
 

Coherent diffractive imaging (CDI) is a new imaging technique in which no optical 

elements such as lenses are needed to obtain the magnified image. CDI was first 

demonstrated in 1999 using the light from a synchrotron by J. Miao et al. [64]. Instead of 

using optical elements, in CDI the sample to be investigated is illuminated with a coherent x-

ray source directly. By recording the far-field coherent diffraction pattern, and using iterative 

phase retrieval algorithms, the image of the object can be reconstructed also in three 

dimensions [64-66]. Since there is no physical lens, this method is free from aberration and 

provides a very large depth of focus. The resolution of the CDI technique basically depends 

on the wavelength of the x-rays and the largest angle of scattering where diffraction patterns 

are recorded. Based on this technique, the structure, shape and size of finite non-periodic 

objects have been determined [64-71]. Using x-rays from a synchrotron, D. Shapiro et al. 
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have examined a frozen dried yeast cell and its internal components with about 30 nm 

resolution [72]. Using a soft x-ray free electron laser, H. N. Chapman et al. have successfully 

imaged a nanostructured non-periodic object with a spatial resolution down to 60 nm [73]. 

Also, three dimensional reconstruction of objects has been performed successfully at 50 nm 

resolution [74]. Very recently, C. G. Schroer et al. have shown that by focusing hard x-rays 

on a sample in the form of a small gold particle, a spatial resolution of about 5 nm can be 

obtained [71]. 

 

 

Figure 14. Interference pattern on the CCD for the 20, 50 and 100 μm spaced Young double-slits 

illuminated by all harmonics (a). Interference pattern of different harmonic orders measured on the 

focusing plane of spectrometer for the 20 μm (b), and 100 μm (c) spaced Young double-slits. The 

Young slit is perpendicular to entrance slit of spectrometer. 

 

Figure 15. Cross-sections of the interference pattern for the 20, and 100 μm spaced Young double-slits. 

The Young slit is illuminated by all harmonic orders (full beam) or by 25
th
 harmonic. 

Besides the radiation from a synchrotron and from a free electron x-ray laser, High Harmonic 

Generation (HHG) can be employed as a new x-ray source in CDI. Table top HHG sources 

for CDI not only provide a high degree of spatial coherence but also enable small scale x-ray 
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microscopy. In principle, HHG source is a laser-like beam of multiple longitudinal coherent 

modes whereas an iterative method for image reconstruction normally needs an entirely 

coherent monochromatic wave field. To meet this requirement, i.e., monochromaticity and 

coherence of the incident x-rays, CDI is usually carried out with a single harmonic order 

which is selected by using a monochromator or a narrow bandwidth mirrors. This can lead to 

a significant decrease of the photon flux of the incident beam on the sample. Alternatively, in 

past work, to utilize as much of the generated harmonic flux as possible in order to keep the 

acquisition time short and thus avoid possible long term instabilities of the harmonic source, 

our collaborators have conducted CDI using multiple order harmonic emission [19, 75, 76]. It 

has been shown that by employing HHG radiation from an argon source (wavelength ~ 30 

nm) with about 5 harmonic orders and a reconstruction using a modified Gerchberg-Saxton 

iteration algorithm for phase retrieval and a refinement by the application of the maximum 

entropy method, a spatial resolution of ~ 100 nm has been successfully obtained. 

 

 

5.1. Background of Coherent Diffractive Imaging 
 

A typical CDI technique includes three basic. Firstly, the sample is illuminated with a 

monochromatic, coherent wave light field and the diffraction pattern is recorded. Then, the 

phase of the diffraction pattern is recovered by applying phase retrieval algorithms. Finally, 

the density of the object in real space is regained from the reciprocal space by using an 

inverse Fourier transform. 

When an object of density f(x) is illuminated with a coherent plane wave light field, the 

diffracted pattern in the far field is the Fourier transform of the function f(x) [77]. 
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   (28) 
 

Here, x is the three-dimensional spatial coordinate in real space, k is the three- 

dimensional frequency coordinate in reciprocal space and 


F stands for the Fourier transform 

operator.Thus, the Fourier transform F(k) can be written as an amplitude and a phase. In the 

experiment, only the intensity distribution of F(k), i.e., 
2

)k(F , is able to be recorded by the 

detector and the phase of the pattern is lost. Therefore, in order to fully recover the sample 

f(x), we must determine the phase information of the function F(k) given by ψ(k). If both the 

intensity and phase of the function F(k) are known, the sample can be reconstructed by 
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where 
1F 



denotes the inverse Fourier transform operator. 

The problem of phase retrieval from the diffraction pattern has been well studied in the 

field of x-ray crystallography and can be solved by using an oversampling method [78-82]. 
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Generally, an iterative phase retrieval algorithm consists of the following four basic steps 

[80,83] involving iterative Fourier transformation back and forth between the object and 

Fourier domains and application of the measured data or known constraints in each domain. 

 

A random phase set is applied as an initial input. This phase set merging with the 

magnitude of the Fourier transform, which is calculated by the square root of the 

measured diffraction intensities, exhibits a function with both amplitude and phase 

for each pixel. 

An inverse fast Fourier transform is applied to compute a temporary density 

function. 

The new density function recovered in the second step is subjected to the 

constraints which are positive inside the finite support and zero outside the finite 

support. 

A new set of phases can be calculated by employing a fast Fourier transform to 

the new density function obtained in the third step. The phase of the central pixel is 

set to zero and this new phase set is used for the next iteration. 

 

The iterations continue until the computed image satisfies the object domain constraints. 

In order to achieve a successful and high quality reconstructed image, some experimental 

requirements need to be met. The sample is illuminated with a plane wave which should be 

monochromatic and coherent. The spatial coherence length which is defined as 
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        (30) 

 

needs to be larger than the transverse dimension of the sample. In equation 30, a is the 

distance from the source and ds is the diameter of the source. In addition, the coherent photon 

flux density needs to be high enough to obtain a coherent diffractive pattern at high 

diffraction angles. The sample is placed far enough from the detector to ensure that a far-field 

diffraction pattern is recorded and the Fraunhofer criterion is satisfied. 

 



2D
z           (31) 

 

Here D is the diameter of the sample or the diameter of the illumination area, λ is the 

wavelength of the illuminating radiation and z is the distance from the sample to the CCD. In 

a successfully reconstructed image, the size of each image pixel is given by  

 

pN

z
r


          (32) 

 

where N is the number of pixels in an N×N CCD array, 94.0  (Sparrow criterion) and 

22.1  (Rayleigh criterion). From equation (32), for a given wavelength of the 



L. V. Dao  88 

illuminating radiation, the resolution is linearly proportionally to the distance between the 

sample and the CCD. This means that in order to enhance the resolution of the reconstructed 

image we can reduce this distance. On the other hand, the ratio between this distance, z, and 

the diameter of the sample, D, must satisfy 

 

2


p

D

z
          (33) 

 

Therefore, for enhancing the resolution by reducing the distance between the CCD and 

the sample, one needs to ensure that the diameter of the sample is also reduced so that the 

conditions for the oversampling ratio and the far field are maintained. Relating to the 

requirements of the spectral bandwidth of the illuminating beam for a desired resolution, it 

has been proposed that [80] 
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         (34) 

 

Here, d is the desired resolution of the reconstructed image and Δλ is the FWHM 

bandwidth of the incident beam. 

 

 

5.2. Coherent Diffractive Imaging with Few Harmonic Source 
 

Iterative methods [78-81] for image reconstruction inherently assume a fully coherent 

wave field. Thus, a single wavelength needs to be selected which leads to a significantly 

decreased flux of the harmonic beam. In the following, a novel approach for coherent 

diffractive imaging is presented that relies on illumination of the sample with a multiple-order 

harmonic beam. The effective spectral range and the relative weight of the single harmonic 

orders of the harmonic beam depend strongly on the focusing geometry and the control over 

the phase-matching parameters. By appropriate choice of the species of gas and its pressure, 

the interaction geometry, the position of the laser focus and the intensity and diameter of the 

laser beam, harmonic emission can be phase-matched and confined to just a few orders [20, 

50]. Thus, the harmonic orders of the harmonic beam can be tailored according to the 

experimental requirements and all effectively available harmonic orders can be employed to 

keep the acquisition time for the coherent diffractive imaging short and to avoid sample 

damage or detrimental effects due to possible poor long-term stability of the harmonic source. 

However, employing a harmonic beam consisting of multiple harmonic orders for coherent 

diffractive imaging requires a reconstruction method that is not critically reliant on the 

assumption that the harmonic emission possesses essentially perfect spatial and temporal 

coherence. This approach extends the conventional coherent diffraction imaging algorithm to 

enable diffractive imaging to be achieved using polychromatic diffraction data. A detailed 

description of this work can be found in [19]. A schematic representation of the methodology 

is displayed in Figure 16 [76] 
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Figure 16. Schematic of the high-harmonic generation gas cell setup and setup for analysis of the 

harmonic spectrum and for coherent diffractive imaging. 

 

 

Figure 17. High-dynamic range diffraction images: An image (a) of low-angle and two images (b and c) 

of high-angle diffraction information are acquired and stitched together to form one single image (d). 

In order to achieve a high resolution of the reconstructed object from the coherent 

diffractive images, images of high dynamic range need to be taken. Only then can diffractive 

features at high angles be captured, where the high-resolution information resides. The natural 

dynamic range of the charged-coupled detector is not sufficient high (~ 60000 count for 4 bit 

CCD), but the diffractive features at the high angles require a longer exposure time. A beam 

block adaptor is used to allow the acquisition of a diffraction pattern with a dynamic range 

that significantly exceeds the dynamical range of the charge-coupled device detector chip. 

Here, three different diffraction patterns of the same sample are taken with special emphasis 

on the diffractive features in the centre (first pattern) and in the wings of the diffraction 

pattern. For the latter the beam block adaptor is placed over the centre of the charge-coupled 

device detector chip. This is done for the x (horizontal) direction and y (vertical) direction. 

The combined diffractive image is the data set that the modified Gerchberg-Saxton iteration 

and the maximum entropy method refinement procedure are applied to in order to recover the 

image of the sample. In the following, the acquisition of these three coherent diffractive 
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images and images of the interference pattern for analysis of the spectral composition of the 

harmonic beam is discussed. The harmonic source is optimized with respect to the harmonic 

intensity by adjusting the macroscopic phase-matching parameters. Here, the centre of the 

harmonic beam coincides with the centre of the detector chip. The Young double-slit is 

moved into the beam path. An interference pattern of high dynamic range from the Young 

double-slits is taken in order to extract the spectral information by the application of the 

maximum entropy method. In-situ spectral characterization allows the spectral power 

distribution to be matched with respect to the transmissive characteristics of the sample by 

adjusting the macroscopic phase-matching parameters. Then the Young double-slit is moved 

out of the beam path. 

 

 

Figure 18. Diffraction pattern from the 2D pinhole sample (a) and a zoom of the marked area (b). 

The sample is now positioned at the appropriate transverse and longitudinal coordinates, 

so that the centre of the diffraction pattern coincides with the centre of the detector chip. The 

acquisition of the low-angle diffraction information or the centre of the diffractive image is 

taken (Figure 17a). The horizontal and then the vertical beam block is moved into the beam 

path and placed in the centre of the detector chip then the image with the high-angle 

diffractive features is taken (Figure 17b and Figure 17c). The three diffractive images are 

stitched together as shown in Figure 17d. 

The Figure 18a displays the diffraction imaging from a 2D 2µm pinholes sample, where 

its scanning electron microscope image is shown in the Figure 19a. 

The diffraction pattern has a strong qualitative resemblance to the pattern that would be 

produced by an extended periodic sample. Close inspection reveals that the pattern contains 

some important differences, key among them being that there is significant intensity between, 

and there is a structure to, the diffraction “spots” as shown in Figure 18b. A second key 

feature is that the individual diffraction peaks themselves contain a series of peaks produced 

by each of the harmonics from the HHG source; so that the diffraction pattern is an incoherent 

superposition of the diffraction by each harmonic incident on the sample. The reconstruction, 

based on a modified Gerchberg-Saxton iteration is displayed in Figure 19b. The spatial 

resolution is ~ 100nm. 
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Figure 19. Scanning electron microscopy image of a binary regular sample (a), reconstruction of image 

from diffraction pattern (b). 

 

CONCLUSION 
 

Harmonic radiation with high intensity and small bandwidth in wavelength rang of ~ 30 

nm can be generated by using argon gas as nonlinear medium. The efficiency up to 10
-5

 can 

be archived when macroscopic propagation effects or phase-matching is considered. The 

study of the influence of the fundamental laser intensity on the harmonic generation has been 

shown that without confinement of the ionization fraction also at high laser energy the 

harmonic conversion efficiency was low. This was found to originate mainly from a serious 

plasma phase mismatch. The blue-shift and splitting of harmonic spectrum resulted from the 

modulation of the harmonic dipole phase and transient phase matching at certain intensity 

during the pulse duration. When the ionization was controlled to be less than a critical level, a 

narrow and intense harmonic spectrum was produced with a dominant short-trajectory 

emission. Using an aperture to confine the ionization rate at high laser energy and to control 

the wavefront of the fundamental laser field we are able to generate few highly coherent, 

bright harmonics with sharp spectrum. The few high order harmonics generated in this way 

can be used directly as a coherent source of extreme ultraviolet radiation in coherent 

diffraction imaging. 
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