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Energy-dependent photoelectron angular distributions from two-color two-photon above 

threshold ionizations are investigated to determine the partial-wave characteristics of free-free 

electronic transitions in helium. Sideband photoelectron energies ranging from 0.18 to 13.0 eV 

are measured with different wavelengths of the perturbative infrared dressing field as well as 

different individually-selected high-order harmonics. Using the experimentally-measured cross-

section ratios and anisotropy parameters together with analytical expressions derived from 

second-order perturbation theory, the partial-wave branching fractions going to the S and D 

waves in the positive and negative sidebands are determined as a function of photoelectron 

kinetic energy. The results provide a sensitive test for theoretical models of two-color two-

photon above threshold ionization in atoms and molecules. 
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I. Introduction 

Above threshold ionization (ATI) and high-order harmonic (HH) generation are two 

processes that occur when an intense, ultrashort laser pulse is focused into an atomic gas. ATI is 

the process whereby the atom absorbs more photons than are needed for ionization causing the 

photoelectron spectrum to have multiple peaks separated by the photon energy.1 High-order 

harmonic generation provides extreme ultraviolet (EUV) and soft x-ray light at odd harmonics of 

the fundamental laser frequency with pulsewidths extending to attosecond timescales.2,3 When an 

EUV high-order harmonic pulse is spatially and temporally overlapped with an intense infrared 

(IR) dressing field in an atomic sample, two-color two-photon above threshold ionization occurs 

resulting in positive and negative photoelectron sidebands corresponding to the absorption of the 

EUV photon along with the additional absorption or emission of the IR photon, respectively.3  

In addition to providing temporal information on ultrashort EUV pulses, two-color two-

photon above threshold ionization allows for detailed studies of free-free electronic transitions. 

The ATI sideband can serve as a cross-correlation signal when scanning the temporal delay 

between the EUV and IR pulses.4,5 Sidebands between adjacent harmonics interfere, allowing the 

relative phases to be determined for the temporal reconstruction of attosecond pulse trains.6-8 

This technique also obtains atomic phase information from resonant and nonresonant two-photon 

ionizations.9 By measuring the ATI sideband signal as a function of the relative angle between 

the linear polarizations of an EUV pulse from a free electron laser and an IR dressing field in 

helium, the relative contributions of the S and D partial waves are obtained for comparison to 

theoretical predictions.10 Our recent measurements of photoelectron angular distributions (PADs) 

from two-color two-photon above threshold ionization of argon11 and helium12 provide similar 
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information on partial wave magnitudes as well as additional information on continuum phase 

shifts at low photoelectron energies where theoretical predictions are expected to break down. 

Two theoretical descriptions for two-color two-photon above threshold ionization are the 

soft photon approximation13 (SPA) and second-order perturbation theory14 (SOPT). The SPA 

describes the free-free electronic transitions semi-classically using Volkov-Coulomb waves and 

is expected to give accurate results at high photoelectron energies in both perturbative and 

nonperturbative IR dressing field intensities. However, the SPA does not properly account for 

the partial-wave phase shifts and wave functions of the ATI sidebands, so the theory is expected 

to be inaccurate at low and intermediate photoelectron energies. SOPT treats the free-free 

electronic transitions quantum mechanically while including interferences between different 

partial-wave pathways of photoionization. In addition, SOPT provides a powerful analytical 

framework for describing two-color two-photon above threshold ionization in atoms over a wide 

range of energies.   

In this paper, the energy-dependent photoelectron angular distributions from two-color 

two-photon above threshold ionization of atomic helium are measured using selected high-order 

harmonics in a perturbative infrared dressing field with velocity map imaging. By changing the 

EUV and IR photon energies, the cross-section ratios and PAD anisotropy parameters are 

measured for sideband photoelectron energies ranging from 0.18 to 13.0 eV. Analytical 

expressions derived from second-order perturbation theory are used to determine the partial-

wave branching fractions going to the S and D waves in the positive and negative sidebands for 

each set of EUV and IR photon energies used. These experimental results provide a fundamental 

test for theoretical models of two-color two-photon above threshold ionization at low and 

intermediate energies, where the soft photon approximation is expected to be inaccurate. 
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II. Experimental Setup and Data Analysis 

The experiments are performed using femtosecond extreme ultraviolet and infrared 

pulses in a pump-probe configuration with photoelectron velocity map imaging (VMI).11,12,15,16 

The ultrafast EUV pulses are produced using high-order harmonic generation in an argon jet. 

Either the 17th, 19th, 21st, or 23rd HH is selected and refocused to the interaction region using an 

EUV monochromator. The fundamental infrared pulse can be tuned between 1.53 and 1.58 eV. A 

portion of the infrared pulse is sent to a retroreflector on a translation stage to control the EUV-

IR temporal delay before being focused to intersect with the EUV pulse at the interaction region 

in an effusive beam of atomic helium. The intensities of the EUV and IR pulses are estimated to 

be 1 x 104 W cm-2 and 5 x 1010 W cm-2, respectively, which maintains perturbative field 

strengths, and the two pulses have an overall temporal cross-correlation of ~100 fs. The energies 

and angular distributions of the photoelectrons are measured using VMI17 with an imaging 

micro-channel plate (MCP) detector in front of a charge-coupled device (CCD) camera 

connected to a computer for particle counting.18 Because the EUV and IR linear polarizations are 

parallel, the resulting photoelectrons have angular distributions given by  

ሻߠሺܫ  ൌ  ఙସగ ሾ1 ൅ ଶߚ ଶܲሺcos ሻߠ ൅ ସߚ ସܲሺcos  ሻሿߠ
where ߠ is the angle between laser polarization vector and electron velocity vector, ߪ is the total 

cross section, and ߚଶ and ߚସ are the anisotropy parameters associated with the second- and 

fourth-order Legendre polynomials, respectively.19 The raw photoelectron images are inverted 

using pBASEX20 to retrieve the anisotropy parameters and signal intensities as a function of 

photoelectron energy.  
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Several factors complicate the data analysis, necessitating the acquisition of 

photoelectron images under different experimental conditions. The ATI signal overlaps spatially 

with a much larger single photon ionization (SPI) signal on the detector. The overall ATI signal 

is only ~3% of the SPI signal, and there is an accompanying ~3% depletion of the SPI peak. To 

accurately determine the relative intensities of the positive and negative ATI sidebands as well as 

the PAD anisotropies of each sideband, both the EUV-only background image and the EUV+IR 

signal image are acquired using a computer-controlled beam block that opens and shuts on the IR 

pulse in synchronization with an automated file saving program. Subtraction of the EUV-only 

background image from the EUV+IR signal image gives positive intensities near the ATI radial 

peaks and negative intensities near the SPI radial peak due to depletion. However, inaccuracies 

result when inverting images that contain significant negative values. By subtracting a series of 

percentages ranging from 0 to 100% of the EUV-only background from the EUV+IR signal 

images, and by inverting each of these background-subtracted images separately, an accurate 

analysis of the ATI portion of the signal is achieved.11,12 In addition to the ATI and SPI 

photoelectron signals, there is a low level of multiphoton ionization (MPI) of the background 

gases from the IR pulse alone. This MPI background overlaps with the negative ATI sideband of 

the 17th high-order harmonic, obscuring the results. By switching the temporal delay stage 

position between t = 0 fs, corresponding to a maximum ATI signal, and t = +1 ps, corresponding 

to a signal composed of SPI and MPI only, the difference between the ATI signal and the MPI 

background is determined, allowing for MPI signal to be removed from the 17th HH + IR images. 

All photoelectron images are recorded at ~1 minute intervals with alternating beam block and/or 

delay stage positions over approximately 1 day of data acquisition for each set of photon 

energies. 
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III. Results 

 The EUV and IR photon energies are varied to study free-free electronic transitions from 

two-color two-photon above threshold ionization of helium. Six different sets of EUV and IR 

photon energies are used to determine the energy-dependent cross-section ratios between the 

positive and negative ATI sidebands as well as the photoelectron angular distribution anisotropy 

parameters of each sideband. The first three sets of photon energies are denoted here as the low 

energy range, where the negative ATI sideband photoelectron energies are very close to 

threshold, and where the fundamental IR energy is varied over 1.55, 1.56, and 1.57 eV while the 

corresponding 17th high-order harmonic EUV energy is varied over 26.3, 26.5, and 26.7 eV, 

respectively. The raw and inverted photoelectron images from the 17th HH only and the 17th HH 

in an IR dressing field at the three different fundamental IR wavelengths are shown in Figs. 1(a)-

(f). The laser polarization direction is oriented vertically for all images with the polarization 

parallel to the detector face. Figs. 1(a), (c), and (e), which use the 17th HH only, clearly exhibit 

single rings for SPI of helium. Figs. 1(b), (d), and (f), which show the photoelectron images 

using the 17th HH + IR after the MPI signal from the IR pulse alone is subtracted and after 85% 

of the corresponding EUV-only background image is subtracted, clearly exhibit the negative 

(inner) and positive (outer) ATI sideband rings. 

The second three sets of photon energies are denoted here as the intermediate energy 

range, where the EUV photon energy is varied by selecting different harmonic orders ranging 

from the 19th to the 23rd HH. The raw and inverted photoelectron images from the 19th HH only, 

the 21st HH only, and the 23rd HH only are displayed in Figs. 2(a), (c), and (e), respectively, 
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clearly showing single rings from SPI of helium. Figs. 2(b), (d), and (f) show the photoelectron 

images using the 19th HH + IR, the 21st HH + IR, and the 23rd HH + IR, respectively, using 85% 

background subtraction of the corresponding EUV-only images. Signals near the image centers 

in Figs. 2(b), (d), and (e) are from multiphoton ionization of background gases from the IR pulse 

alone as well as electrons generated by low levels of electrical arcing from the higher voltages 

required on the VMI plates, which do not affect the overall results. Background subtraction 

percentages of 85% allow for high contrast of the ATI sideband rings while avoiding significant 

negative intensities on the SPI ring.  

The photoelectron energy spectrum of each photoelectron image is determined from the 

inverted image’s radial distribution, where the radius outward from the image center is 

proportional to the photoelectron speed. Fig. 3 shows two sets of representative photoelectron 

spectra. Fig. 3(a) shows the photoelectron energy spectra from the 17th HH + 794 nm and the 17th 

HH only, while Fig. 3(b) shows the photoelectron spectra from the 21st HH + 810 nm and the 

21st HH only, where the EUV+IR spectra use 85% background subtraction. The EUV-only peaks 

are centered at 1.95 and 7.56 eV, respectively, as expected for single-photon ionization of 

ground-state helium using photon energies of 26.54 and 32.15 eV, respectively. The full-width 

half maxima of these two SPI peaks are 0.34 and 0.96 eV, respectively. The negative ATI 

sidebands in Figs. 3(a) and (b) are centered at 0.39 and 6.03 eV, respectively, with full-width 

half maxima of 0.27 and 0.88 eV, respectively, while the positive ATI sidebands are centered at 

3.51 and 9.09 eV, respectively, with full-width half maxima of 0.45 and 1.10 eV, respectively. 

All photoelectron spectra, including those not shown that correspond to Figs. 1(a), (b), (e), and 

(f), and 2(a), (b), (e), and (f), indicate that the high-order harmonic EUV photon energies are 

equal to the harmonic order multiplied by the fundamental IR energy with no blueshifting.21 
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Each positive and negative ATI photoelectron peak energy is equal to the SPI peak energy plus 

or minus the IR photon energy, respectively, with no ponderomotive energy shifts,1 which is 

expected for the pulse intensities used. The weak signal at low photoelectron energies in the 

EUV+IR spectrum in Fig. 3 (b) is from MPI of background gases. Photoelectron peak widths are 

due to the pulse bandwidths convolved with the instrumental resolution.  

 Analysis of the EUV+IR photoelectron spectra allows for the determination of the cross-

section ratios between positive and negative ATI sidebands for each set of photon energies used. 

Because the positive and negative ATI sidebands occur simultaneously for the same EUV and IR 

photon conditions, the ratio of the integrated sideband signals is equal to the ratio of the cross 

sections. Each integrated sideband signal is determined by subtracting the EUV-only 

photoelectron spectrum from the corresponding scaled EUV+IR photoelectron spectrum at a 

given background subtraction percentage and integrating the resulting sideband peak over the 

full-width half maximum. This is done for each background percentage that is subtracted in order 

to obtain the conditions for accurate analysis. The cross-section ratios between the positive and 

negative ATI sidebands for the 17th HH + 794 nm and the 21st HH + 810 nm are plotted in Fig. 4 

as a function of the percentage of background subtracted, which are seen to be constant at 1.12 ± 

0.03 and 1.25 ± 0.04, respectively, up to a percentage of background subtracted of around 90%, 

where significant negative intensities in the EUV+IR image lead to inaccuracies in the 

inversions. This general trend is observed for all sets of photon energies investigated in this 

study. The cross-section ratios for each set of photon energies are plotted in Fig. 5 as a function 

of EUV photon energy and the values are listed in Table 1. These results are explained in more 

detail by analyzing the partial-wave branching fractions going to the S and D waves in the 

positive and negative sidebands in the discussion below.   
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The anisotropy parameters for the single-photon ionization PADs are first measured to 

test the quantitative accuracy of the VMI setup and analysis. For SPI of helium at non-relativistic 

photoelectron energies far from electronic excitation resonances, a single P wave is expected 

corresponding to anisotropy parameters of β2 = 2 and β4 = 0, resulting in a photoelectron angular 

distribution that is proportional to ܿݏ݋ଶߠ. All experimentally measured anisotropy parameters are 

taken from a weighted average over the full-width half maximum of each photoelectron peak. 

The anisotropy parameters associated with the second-order Legendre polynomial measured for 

SPI of helium from the EUV-only images of Figs. 1 (a), (c), and (e), and Figs. 2 (a), (c), and (e)  

are β2 = 1.98 ± 0.03, 1.99 ± 0.03, 1.98 ± 0.04, 2.02 ± 0.03, 2.02 ± 0.04, and 2.04 ± 0.06, 

respectively, while the anisotropy parameters associated with the fourth-order Legendre 

polynomial are β4 = −0.02 ± 0.03, −0.02 ± 0.04, −0.02 ± 0.03, 0.01 ± 0.02, 0.01 ± 0.02, and 

−0.02 ± 0.04, respectively. These anisotropy parameters are all in excellent agreement with 

expectations for a single P wave, demonstrating the high accuracy of the velocity map imaging 

setup and data analysis. 

The anisotropy parameters of the ATI sidebands are more difficult to determine because 

the ATI sidebands energetically overlap with the SPI peaks. This overlap causes angular 

averaging effects dependent on the relative intensities between the ATI sidebands and the SPI 

electrons over the sideband peak of interest. Changing the percentage of the EUV-only 

background that is subtracted from the EUV+IR images causes changes in the observed 

anisotropy parameters of the ATI sidebands. Using the equation, βi,o = Rb βi,b + Rs βi,s, where βi,o 

is the empirically observed anisotropy parameter of the ATI peak, βi,b is the anisotropy parameter 

of the background at the ATI peak energy, and Rb and Rs are the relative intensities of the 

background and ATI signal such that Rb + Rs = 1, the corrected anisotropy parameter of the ATI 
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signal of interest, βi,s, is obtained.11,12 The observed and corrected anisotropy parameters as a 

function of the percentage of background subtracted for the 17th HH + 794 nm and for the 19th 

HH + 810 nm ATI sidebands are shown in Figs. 6 and 7, respectively.  While the observed 

anisotropy parameters change significantly as a function of the percentage of background 

subtracted, the corrected anisotropy parameters are constant up to about 90% background 

subtraction, when negative intensities in the image cause inaccuracies in the inversion. This data 

analysis technique is repeated for each set of photon energies used, giving the same general trend 

and allowing the corrected anisotropy parameters to be determined for all positive and negative 

ATI sidebands. The corrected anisotropy parameters are shown in Fig. 8, plotted as a function of 

sideband photoelectron energy, and the values are listed in Table 1. These values are all 

smoothly varying as a function of photoelectron energy, with the largest changes occurring near 

threshold, where large variations in phase shifts and matrix elements are expected, as discussed 

below. Additionally, the corrected anisotropy parameters result in PAD intensities that are non-

negative, to within experimental uncertainty, for all angles for each ATI sideband, satisfying the 

necessary condition of the measurement.22 

 

IV. Discussion 

The experimental results for the cross-section ratios and photoelectron angular 

distributions from the energy-dependent two-color two-photon above threshold ionization of 

helium allow for the determination of the partial-wave branching fractions going to the S and D 

waves in the positive and negative sidebands using second order perturbation theory. From 
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SOPT, the two-photon ATI sideband transition matrix elements between the initial state i and 

final state f are complex, given by 

௜௙ܯ  ൌ ܧଶ pvሺܦ|݂ۦ െ ۧ݅|ଵܦሻିଵܪ െ   ۧ݅|ଵܦ|଴݇ۦଶ|݇଴ۧܦ|݂ۦߨ݅ 
where Dj = Fj · r is the dipole operator of the involved field Fj, pv refers to the principal value 

integral, H is the Hamiltonian of the unperturbed atom, and E = E0 + ω1 is the energy of the 

intermediate continuum state, k0.14 The real part of the two-photon matrix element corresponds to 

a principal value integration over the continuum. The imaginary part of the two-photon matrix 

element is a simple product of single-photon matrix elements. The two-photon ATI sideband 

cross section is given by ߪ ൌ ∑ หܯ௜௙หଶ௜௙ , and the photoelectron angular distributions using 

collinear photon polarizations are given by ܫሺߠ, ߮ሻ ൌ ∑ ቚ∑ ௜௙ ݁௜ఋ೗೑ܯ ௟ܻ೑௠೑ሺߠ, ߮ሻ௙ ቚଶ௜ , where ߜ௟೑ is 

the phase shift of the final state partial wave of angular momentum ݈௙, and ௟ܻ௠ is the spherical 

harmonic as a function of the inclination and azimuth angles ߠ and ߮, respectively, with respect 

to the laser polarization vector.14 Using dipole selection rules and the properties of spherical 

harmonics, the photoelectron angular distribution anisotropy parameters are given by  

ଶߚ  ൌ ఴళ|ሺௗሻ|మାସ ோ௘ ൣሺ௦ሻሺௗሻכ௘೔ሺഃబషഃమሻ൧|ሺ௦ሻ|మାరఱ|ሺௗሻ|మ  

ସߚ  ൌ ଻ଶଷହ ቀܺଶ ൅ ସହቁିଵ
 

where (s) is the complex two photon matrix element of the S wave, (d) is the complex two 

photon matrix element of the D wave, and ܺଶ ൌ  |ሺݏሻ|ଶ |ሺ݀ሻ|ଶ⁄ .12 
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In order to obtain the partial-wave branching fractions of the two-color two-photon ATI 

of helium, the relative S/D character of each sideband as well as the positive/negative ratios of 

the S and D waves must first be determined. The relative S/D character of each ATI sideband for 

helium is equal to the ratio of the partial cross sections of the S and D waves in each sideband, 

which is given by 

 ఙೞఙ೏ ൌ  ହ|ሺ௦ሻ|మସ|ሺௗሻ|మ ൌ ଵ଼଻ఉర െ 1 

when the linear polarizations of the EUV and IR photons are parallel. Using the experimentally-

measured PAD anisotropy parameters associated with the fourth-order Legendre polynomial for 

the positive and negative ATI sidebands, ߚସሺାሻ and ߚସሺିሻ, respectively, the S/D character of each 

sideband is determined, with the results plotted in Fig. 9(a) as a function of the sideband 

photoelectron energy. The S/D character of the positive sideband slowly increases from 0.67 ± 

0.06 at 3.28 eV to 4.56 ± 0.75 at 13.0 eV. The S/D character of the negative sideband displays 

significant changes near threshold, decreasing from 7.49 ± 1.64 at 0.18 eV to 3.71 ± 1.65 at 0.52 

eV, and then rises at higher energies to 18.2 ± 11.7 at 9.90 eV. The error bars are obtained using 

error propagation from the values and standard deviations of the ߚସ measurements. The changes 

in the S/D character of each sideband as a function of energy reflect the changes in the complex 

two-photon matrix elements, (s) and (d), which describe the overlap of the radial wave functions 

of the S and D partial waves with the intermediate P wave and the ground state radial wave 

functions, where all continuum radial wave functions depend on energy. 

 The positive/negative ratio of the S wave is defined as ߪ௦ሺାሻ ௦ሺିሻൗߪ . Similarly, the 

positive/negative ratio of the D wave is defined as ߪௗሺାሻ ௗሺିሻൗߪ . These terms describe the 

propensity of each partial wave to branch towards either the positive or negative sideband. The S 
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and D wave positive/negative ratios can also be expressed as |ሺݏሻା|ଶ |ሺݏሻି|ଶ⁄  and |ሺ݀ሻା|ଶ |ሺ݀ሻି|ଶ⁄ , respectively. Rearranging the expression for the cross-section ratio using the 

partial-wave expansion, gives 

 ఙሺశሻఙሺషሻ ൌ  ఙೞሺశሻఙೞሺషሻ ቆଵା ఙ೏ሺశሻ ఙೞሺశሻൗଵା ఙ೏ሺషሻ ఙೞሺషሻൗ ቇ ൌ ఙ೏ሺశሻఙ೏ሺషሻ ቆଵା ఙೞሺశሻ ఙ೏ሺశሻൗଵା ఙೞሺషሻ ఙ೏ሺషሻൗ ቇ, 

where the cross-section ratios are shown to depend on the S/D character of each individual 

sideband as well as the positive/negative ratios of the S and D waves. By including the 

expression for the S/D character for each sideband, the equations for the partial-wave 

positive/negative ratios,  

 ఙೞሺశሻఙೞሺషሻ ൌ  ఙሺశሻఙሺషሻ ൬ଵ଼ି଻ఉరሺశሻଵ଼ି଻ఉరሺషሻ൰   and   ఙ೏ሺశሻఙ೏ሺషሻ ൌ  ఙሺశሻఙሺషሻ ఉరሺశሻఉరሺషሻ 
are derived. From the experimental results, the positive/negative ratios of the S and D waves are 

obtained for each set of photon energies, with the results plotted in Fig. 9(b). The energy-

dependent S wave positive/negative ratios are observed to be relatively constant, changing from 

0.85 ± 0.06 to 0.95 ± 0.05 as the EUV energy changes from 26.3 to 36.1 eV. However, the D 

wave positive/negative ratios change significantly, especially in the low-energy range, going 

from 9.49 ± 1.89 to 4.29 ± 1.51 as the EUV energy changes from 26.3 to 26.7 eV, and then stay 

relatively constant going to 3.80 ± 2.38 at 36.1 eV. The error bars are obtained using error 

propagation from the values and standard deviations of the ߪሺାሻ ⁄ሺିሻߪ  and ߚସ measurements.  

The energy-dependent partial-wave branching fractions of the two-color two-photon 

above threshold ionization of helium are determined by combining the results from Figs. 9(a) 

and (b). The equations for the branching fractions going to the S wave in the positive sideband, 
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the S wave in the negative sideband, the D wave in the positive sideband, and the D wave in the 

negative sideband, are given by 

 ఙೞሺశሻఙೞሺశሻାఙೞሺషሻାఙ೏ሺశሻାఙ೏ሺషሻ ൌ ቈ1 ൅ ఙೞሺషሻఙೞሺశሻ ൅ ൬ఙ೏ሺశሻఙೞሺశሻ൰ ቆ1 ൅ ఙ೏ሺషሻఙ೏ሺశሻቇ቉ିଵ
, 

 ఙೞሺషሻఙೞሺశሻାఙೞሺషሻାఙ೏ሺశሻାఙ೏ሺషሻ ൌ ቈ1 ൅ ఙೞሺశሻఙೞሺషሻ ൅ ൬ఙ೏ሺషሻఙೞሺషሻ൰ ቆ1 ൅ ఙ೏ሺశሻఙ೏ሺషሻቇ቉ିଵ
, 

 ఙ೏ሺశሻఙೞሺశሻାఙೞሺషሻାఙ೏ሺశሻାఙ೏ሺషሻ ൌ ቈ1 ൅ ఙ೏ሺషሻఙ೏ሺశሻ ൅ ቆఙೞሺశሻఙ೏ሺశሻቇ ൬1 ൅ ఙೞሺషሻఙೞሺశሻ൰቉ିଵ
, 

and 

 ఙ೏ሺషሻఙೞሺశሻାఙೞሺషሻାఙ೏ሺశሻାఙ೏ሺషሻ ൌ ቈ1 ൅ ఙ೏ሺశሻఙ೏ሺషሻ ൅ ቆఙೞሺషሻఙ೏ሺషሻቇ ൬1 ൅ ఙೞሺశሻఙೞሺషሻ൰቉ିଵ
, 

respectively, with the results plotted in Fig. 10 as a function of EUV photon energy. The 

branching fractions all vary smoothly with energy. The branching fractions going to the S waves 

in the positive and negative sidebands increase with increasing EUV photon energy from 0.26 ± 

0.01 and 0.31 ± 0.04, respectively, at 26.3 eV, to 0.43 ± 0.01 and 0.45 ± 0.04, respectively, at 

36.1 eV. The branching fractions going to the D waves in the positive and negative sidebands 

decrease with increasing EUV photon energy from 0.39 ± 0.04 and 0.04 ± 0.01, respectively, at 

26.3 eV, to 0.09 ± 0.04 and 0.02 ± 0.01, respectively, at 36.1 eV.  The partial-wave branching 

fractions provide a comprehensive picture of the energy-dependent partial-wave characteristics 

of two-color two-photon ionization of helium. The ratios of the branching fractions are all 

consistent with the results in Figs. 9(a) and (b), and the sums of all the branching fractions are 

equal to one for all photon energies, as expected. 
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If the photon energies are increased further to a high energy regime, such that the 

photoelectron energies of the sidebands are at least 15 times greater than the IR dressing field 

photon energy, the soft-photon approximation13 would be expected to be accurate. This would 

correspond to sideband photoelectron energies that are greater than 23 eV and EUV photon 

energies that are greater than 49 eV for ATI measurements from helium using 800 nm dressing 

fields. The soft-photon approximation gives theoretically predicted anisotropy parameters of ߚଶ 

= 2.86 and ߚସ = 1.14 for both the positive and negative ATI sidebands of helium, and a cross-

section ratio that asymptotically approaches 1.00.12 This yields a predicted S/D character of 1.25 

for each sideband, a predicted positive/negative ratio of 1.00 for both the S and D waves, and 

branching fractions of 0.28 and 0.22 going to the S and D waves, respectively, in both the 

positive and negative sidebands. However, at the energies used in this paper, the soft photon 

approximation is not valid because the continuum electrons cannot be accurately described as 

Volkov-Coulomb waves, but rather the radial wave functions of each partial wave must be 

solved quantum mechanically from the Hamiltonian to be used in second-order perturbation 

theory. Unfortunately, theoretical predictions of the energy-dependent two-photon matrix 

elements from helium using second-order perturbation theory are not currently available.  

The experimental results for the cross-section ratios and photoelectron angular 

distributions from the energy-dependent two-color two-photon above threshold ionization of 

helium provide a fundamental test for theoretical descriptions of free-free electronic transitions. 

The cross-section ratios and the ߚସ values provide information on the S and D partial-wave 

magnitudes. The ߚଶ values contain additional information on the real and imaginary components 

of the two-photon matrix elements, as well as phase shift differences between the continuum S 

and D partial waves. Second-order perturbation theory is expected to be accurate for the two-
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color two-photon above threshold ionization of helium at low and intermediate photon energies 

because electron-electron correlation is small and because all initial, intermediate, and final 

states can be described by separable radial and angular wave functions. An accurate SOPT 

treatment should also include electron spin since it affects the phase shifts and radial wave 

functions of the continuum waves.23 Two-color two-photon above threshold ionization from 

larger atoms may have additional theoretical complications due to an increased number of 

photoionization partial-wave pathways of higher angular momenta, electron-electron 

correlations, and potential breakdowns in second-order perturbation theory. 

 

V. Conclusion 

In conclusion, the energy-dependent photoelectron angular distributions and cross-section 

ratios of two-color two-photon above threshold ionization are measured using velocity map 

imaging. By changing the perturbative infrared dressing field energies as well as the 

individually-selected high-order harmonic extreme ultraviolet energies, the measured negative 

sideband photoelectron energy ranges from 0.18 to 9.90 eV while the measured positive 

sideband photoelectron energy ranges from 3.28 to 13.0 eV. Using the experimental results with 

analytical expressions derived from second order perturbation theory, the energy-dependent 

partial-wave branching fractions going to the S and D waves in the positive and negative 

sidebands are obtained, where all values vary smoothly with energy. The branching fractions 

going to the S waves in the positive and negative sidebands increase with increasing photon 

energies and have similar values. The branching fractions going to the D waves in the positive 

and negative sidebands decrease with increasing photon energies, with a strong preference 
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toward the positive sideband. These results provide a sensitive test for future theoretical models 

of two-color two-photon above threshold ionization in atoms. 
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Fig. 1: Raw (left side halves) and inverted (right side halves) photoelectron images from helium 

using (a) the 17th HH (26.3 eV) only, (b) the 17th HH (26.3 eV) + 801 nm, (c) the 17th HH (26.5 

eV) only, (d) the 17th HH (26.5 eV) + 794 nm, (e) the 17th HH (26.7 eV) only, and (e) the 17th 

HH (26.7 eV) + 790 nm. The laser polarization direction is oriented vertically for all images. 
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Fig. 2: Raw (left side halves) and inverted (right side halves) photoelectron images from helium 

using (a) the 19th HH only, (b) the 19th HH + IR, (c) the 21st HH only, (d) the 21st HH + IR, (e) 

the 23rd HH only, and (f) the 23rd HH + IR. 
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Fig. 3: Photoelectron energy spectra from helium using (a) the 17th HH + 794 nm and the 17th 

HH only, and (b) the 21st HH + 810 nm and the 21st HH only. These representative spectra show 

the positive and negative ATI sidebands as well as the SPI depletion. 
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Fig. 4: The ratios of the cross sections between the positive and negative ATI sidebands for the 

17th HH + 794 nm and the 21st HH + 810 nm as a function of the percentage of background 

subtracted. 

 

 

 

 

2.0

1.8

1.6

1.4

1.2

1.0

100806040200

 17th HH + 794 nm
 21st HH + 810 nm

Percentage of Background Subtracted (%)

Cross-Section Ratios



24 
 

 

 

 

 

 

Fig. 5: Cross-section ratios between the positive and negative ATI sidebands from helium using 

different photon energies.  
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Fig. 6: (a) The observed anisotropy parameters and (b) the corrected anisotropy parameters of 

β2
(−) (closed black circles), β4

(−) (closed gray cirlces), β2
(+) (open black circles), and β4

(+) (open 

gray circles) as a function of the percentage of background subtracted for the 17th HH + 794 nm. 
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Fig. 7: (a) The observed anisotropy parameters and (b) the corrected anisotropy parameters of 

β2
(−) (closed black circles), β4

(−) (closed gray cirlces), β2
(+) (open black circles), and β4

(+) (open 

gray circles) as a function of the percentage of background subtracted for the 21st HH + 810 nm. 
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Fig. 8: Corrected anisotropy parameters of the positive and negative ATI sidebands as a function 

of sideband photoelectron energy.  
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Fig. 9: (a) S/D character of the positive and negative ATI sidebands as a function of sideband 

photoelectron energy. (b) Positive/negative ratios of the S and D waves at different EUV photon 

energies.  
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Fig. 10: Partial-wave branching fractions going to the positive sideband S wave (closed gray 

circles), the negative sideband S wave (closed black circles), the positive sideband D wave (open 

gray circles), and the negative sideband D wave (open black circles) at different EUV photon 

energies.  
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Table 1: Experimental results for positive and negative ATI sidebands from helium using 

different EUV and IR energies (in eV).  

EUV Energy IR Energy ࣌ሺାሻ ࣌ሺିሻ⁄  ૝ሺାሻࢼ   ૛ሺାሻࢼ  ૝ሺିሻࢼ ૛ሺିሻࢼ  

26.32 1.55 1.87 ± 0.06 1.04 ± 0.09 0.30 ± 0.06 2.98 ± 0.08 1.54 ± 0.06 
26.54 1.56 1.12 ± 0.03 1.52 ± 0.10 0.20 ± 0.07 2.83 ± 0.08 1.38 ± 0.13 
26.68 1.57 1.56 ± 0.04 1.73 ± 0.07 0.55 ± 0.19 2.96 ± 0.08 1.50 ± 0.03 
29.09 1.53 1.19 ± 0.05 2.00 ± 0.14 0.45 ± 0.11 2.70 ± 0.14 1.12 ± 0.06 
32.15 1.53 1.25 ± 0.04 2.07 ± 0.11 0.30 ± 0.09 2.57 ± 0.06 0.80 ± 0.03 
36.06 1.57 1.10 ± 0.02 2.06 ± 0.05 0.13 ± 0.08 2.43 ± 0.06 0.46 ± 0.06 

 

 


