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Response to Reviewer #1: 

Thank you for positive response to our work and we appreciate the detailed review of the manuscript. Below is 
the response to your comments and the changes made to improve the delivery of our research. (Comments in red, 
responses in blue).

General comments: 

(1) The paper starts describing the phenomenon of strong-field ionization under beams carrying OAM. But the 
de`cj Zd d]`h]j UcZWeZ_X e`hRcUd eYV a`ddZS]V Raa]ZTReZ`_d `W eYV qdj_eYVdZkVU E9Cr SVR^d' Z_ hYZTY eYV

singularity is displaced, and therefore the gradient of the field gains more importance. Hence, one may wonder if 
the OAM plays any importance at all or it is just a question of producing a synthesized field with strong field 
gradients.  

We realize that the influence of phase and gradients on strong field ionization with OAM beams was not 
clearly identified. As a result, the article gave the impression that field gradients are more important when 
potential applications were discussed. However, phase singularity and field gradients are linked together, as 
rightly pointed, and one cannot observe similar physics by simply tailoring the field gradient of a beam.  Helical 
phase gives rise to OAM dependent ionization and field gradients in an asymmetric OAM beam further amplifies 
it by enhancing or reducing the distortion of the atomic potential. Asymmetric OAM beams enable to overcome 
the spatial averaging effects so that OAM dependence can be observed in the total ion yields. To summarize, the 
combination of helical phase and field gradient lead to the observed modulation in ionization.  

In beams with no helical phase, tailoring the field gradient can lead to some modulation of ionization 
because the peak field varies but the change would be limited compared to OAM beams. Tailored non-OAM 
beams would produce results similar to conventional pulse shaping methods where only an order of magnitude 
change was observed. However, with OAM beams the modulation can be significantly enhanced by increasing 
the s-value and position of the singularity resulting in complete suppression of ionization by changing the 
handedness of helical phase. For s=3, we observed two orders of magnitude differences in ionization between the 
left- and right-helical light.  

To address these issues, we modified the beginning of the results section to emphasize the influence of helical 
phase on ionization and how it gets enhanced by the field gradient obtained by shifting the phase singularity.  

(2) To be more specific, OAM is linked to a phase singularity and therefore to an physical property of photons, 
which allow us to quantify their angular momentum by looking at the winding number. But I feel the physics 
underlying this paper is not about the phase, but rather the field gradient. In this work you have a convenient knob 
control, which is the displacement of the singularity, but one may wonder if another knob control is still valid and 
providing similar physics on the strong-field ionization. In order to link both the start and end of the paper, it will 
be interesting to be able to address some questions such as: the developed theory is beyond OAM beams? Is it 
essential to have a phase singularity in the theory to be still valid? Or any synthesized field with strong field 
gradients will be equally interesting?  

Ionization of atoms and molecules with OAM beams is purely a phase effect whereas the applications 
discussed in the article (such as ponderomotive effects and sub-wavelength microscopy) are a result of intensity 
variation in structured light beams. However, as demonstrated, these effects can be scaled with l-value so helical 
phase and field gradient effects cannot be separated in OAM beams. In contrast, synthesized light beams with no 
helical phase would only lead marginal changes to ionization and ponderomotive effects, but more importantly 
cannot be scaled up.   

The interplay between the helical phase and the field gradient can be clearly seen in the transition 
amplitude describing the tunnel ionization probability (Eq. 4 in new version). It consists of two effects; the electric 
quadrupole and magnetic dipole both in the pre-exponent and in the classical action via the vector potential 
gradient. The electric quadrupole (E1E2) in the preexponent affects only ionization and survives averaging for 
asymmetric beams. The non-dipole terms of the classical action in the exponential changes the electron trajectory 



- not important for ionization but for HHG and acceleration. There are three scenarios when dipole approximation 
breaks down.  

,) HY`ce hRgV]V_XeY ]Z^Ze' dfTY Rd i(cRjd' hYV_ eYV hRgV]V_XeY `W eYV ]RdVc WZV]U Raac`RTYVd eYV Re`^ZT dZkV)

-) B`_X hRgV]V_XeY ]Z^Ze R_U YZXY ]RdVc Z_eV_dZeZVd' UfV e` eYV ^RX_VeZT WZV]U T`^a`_V_e) =ZeYVc eYV ^RX_VeZT

UZa`]V ecR_dZeZ`_d a]Rj R ac`^Z_V_e c`]V R_U*`c eYV V]VTec`_ ecR[VTe`cZVd RcV R]eVcVU Sj eYV B`cV_ek W`cTV Re

cV]ReZgZdeZT $m ,+,3 L*T^-% R_U _`_(cV]ReZgZdeZT $m,+,/ L*T^-% Z_eV_dZeZVd' hYV_ V]VTec`_ UZda]RTV^V_e

aVcaV_UZTf]Rc e` eYV WZV]U a`]RcZkReZ`_ UZcVTeZ`_ Raac`RTYVd :`Yc cRUZfd) IYZd ScVR\U`h_ Zd ^`de]j UfV

e` TYR_XVd e` eYV af]dV V_gV]`aV)

.) LYV_ V]VTecZT bfRUcfa`]V ecR_dZeZ`_d SVT`^V Z^a`ceR_e UfV e` eYV YV]ZTR] aYRdV R_U WZV]U XcRUZV_ed `W eYV

decfTefcVU ]ZXYe) A_ eYZd TRdV eYV aYRdV dZ_Xf]RcZej gZ`]ReVd eYV UZa`]V Raac`iZ^ReZ`_ hYVcV eYV TRccZVc hRgV

^`UZWZVd eYV V_gV]`aV ac`WZ]V `_ dfS(hRgV]V_XeY dTR]V) IYV acVdV_TV `W _`_(UZa`]V eVc^d Z_ T]RddZTR]

RTeZ`_ Z_UZTReVd TYR_XVd e` eYV TRccZVc hRgV RWWVTed eYV a`_UVc`^`eZgV V_VcXj ^`cV VWWZTZV_e]j eYR_

TYR_XVd e` V_gV]`aV $dTV_RcZ` - RS`gV% dfXXVdeZ_X aYRdV dZ_Xf]RcZej Zd TcZeZTR]) 9d R cVdf]e' dj_eYVdZkVU

]ZXYe SVR^d hZeY dec`_X WZV]U XcRUZV_ed Sfe hZeY`fe YV]ZTR] aYRdV TR__`e cVac`UfTV eYV ViaVcZ^V_eR]

cVdf]ed)

Specific comments: 

i) Figure 1 should include an illustration of the main experiment. I do not see any geometry structure of the main 
systems to be studied (argon, R(+)-limonene and acetone). Figure 1 may also include some schematics of why 
studying these different systems. 

Figure 1 now includes an illustration of the experimental setup. We have separated the symmetric and 
asymmetric ionization profiles to highlight the significance of helical phase of OAM beam and the influence of 
field gradient in enhancing/suppression ionization. For a better understanding of the effects of asymmetric OAM 
beams on ionization, we included the transverse ionization probability profiles for ( l=«G at («-)-positions. 
Figure 3 was modified to include the geometrical structures of S(+)-limonene and acetone. The main text includes 
a section explaining the rationale behind using these systems, and we elaborate on the importance of chirality in 
the discussion of Figure 3. 

ii) I had difficulties to understand Fig 1b at first glance. When we refer to OAM, we are not thinking in displacing 
the singularity. Not sure if the probability of ionization corresponds to the transverse profile of the pulse (Fig. 
S12 for example). If not, it would be also important to illustrate it here. BTW, not sure that the bottom right panel 
is correct. 

Typically, OAM beams are symmetric with the phase singularity at the center. The intensity profile is 
independent of the handedness of helical phase, depicted in new Fig. 1c or Fig S11a. However, the transverse 
ionization probability displays an asymmetry due to local distortion of the atomic potential when the handedness 
of the helical phase is changed. This is purely a phase effect and can be observed by locally probing ionization. 
However, when the total ion yields are monitored this effect vanishes due to spatial averaging across the beam 
cross-section. The averaging effects can be overcome by displacing the singularity. The resultant field gradients 
enhance/supress the distortion of the atomic potential when the handedness of helical phase is changed leading to 
modulation in the total ion yields. To make this distinction clear we modified the figure to show the transverse 
ionization profiles for both l=«G for «u-positions. There seems to be some confusion about the bottom panels 
depicting the ionization profiles for asymmetric beams.  There is nothing wrong with plots shown. To avoid 
potential confusion, we modified the figure (Fig. 1d) to show that ionization can be manipulated either by 
changing the handedness of OAM beam or the position of the singularity in the beam. This is in fact the unique 
feature of strong field ionization with OAM beams. 



iii) If I think in the paraxial approximation, the displaced singularity should be just like a coherent superposition 
of LG beams, perhaps in the line of what is mentioned before the conclusion (ref 43). If so, it will be nice to 
elaborate in this to make a proper link with the standard OAM beams. 

The phase singularity in an OAM beam can be experimentally displaced either by translating the phase 
plate used to generate the OAM beam or by a coherent superposition of Gaussian and LG beams. The latter 
method was used by us to displace and split the singularities, enabling to manipulate the position of nanocone 
within the ablation craters on silicon [Rahimian et al, Scientific Reports, 2020]. We now clearly state the alternate 
method of displacing the singularity in the main text and elaborate further in the experimental methods section. 
Whichever method is used to shift the singularity, the physics remains the same. However, the phase singularity 
is crucial, it is not possible to obtain the observed results with synthesized light beams that do not carry the helical 
phase or with coherent superposition of non-OAM beams. 

iv) Related to the previous comment, if the asymmetric OAM beam is a superposition of OAM beams, then I 
would expect the beam to rotate significantly under propagation. This may be important to consider in the 
experiment. 

It is possible for the beam to undergo rotation after propagation. However, this is monitored in the 
experiment and can be quickly corrected.  During the experiment, the direction of displacement of the singularity 
was monitored by observing the null intensity region in the defocused beam. This allowed us to make on the fly 
corrections to the position of the singularity along a particular orientation. Consequently, any rotation of the 
singularity could be corrected provided the center is well defined, which was identified by identical ion yields for 
left- and right-handed helical light. 

v) Some explanations are needed for some essential concepts. When asymmetric OAM beams are introduced and 
discussed in the Results section, I recommend to explain these beams with Eq. (19) of the SM. 

We agree and introduce the symmetric and asymmetric LG beam equations in cartesian coordinates in the 
main text. 

vi) After Eq. (5), it will help to clarify the weighting factor c, how this is taken? is this calculated or from a 
cVWVcV_TV8 ;]RcZWj a]VRdV eYV dV_eV_TV qHZ_TV `fc eYV`cj ViT]fUVd eYV ;`f]`^S a`eV_eZR]' R_U eYfd ZX_`cVd

hyperfine interactions, higher c-va]fVd RcV cVbfZcVU W`c bfR_eZeReZgV R_R]jdZd)r R_U hYj qT7-++r)

The weighting factor is derived from the contributions of hyperfine interactions between the electron and 
the magnetic dipole and the electric quadrupole of the nuclei, o��� ¬ o� © o�.  This results in a small shift in 

the otherwise degenerate electronic state. The total induced quadrupole moment of the atom consists of nuclear, 
magnetic and quadrupole contributions and is given by q ¬ q� © q� © q�. For argon, the nuclear moment, q�, 

is 0.01(4) barn (ref). The weighting factor r is obtained by determining the contribution of the hyperfine 
interaction, r ¬ q,q�. The c-value for a 3p state varies within the order of GFy ª GFzfor a total atomic angular 

momentum of n ¬ p «
x

y
 and n ¬ p «

z

y
. The range of c-values alter the shape of ionization probability as a 

function of position of the singularity, as show in supplementary Fig S1b. We choose c = 200 to show the double 
bump feature, which also depends on the laser intensity (Fig. S1a), observed in molecules and expect to exist in 
atoms at higher laser intensity.  

Our theoretical model is based on strong field approximation which ignores the influence of coulomb 
potential on the ionized electron and uses the single active electron approximation.  In addition, within the Born-
Oppenheimer approximation, our model considers only the electron wavefunction and does not consider the 
influence of nucleus on the energy level, thereby ignoring hyperfine interactions. These approximations lead to 
discrepancies between theory and experiment, necessitating the use of a weighting factor c for a full quantitative 
analysis. A section has been added to the article. 



vii) How the normalization of figure 2 is done? If the displacement is large and the pulse resembles a Gaussian 
beam, then the ionization probability (charged ion yield) is zero? If the pulse has l=0 (Gaussian), should one 
obtain the same than if the singularity is largely displaced? 

The ion yields were normalized with respect to the maximum yields obtained at a specific «u ¬
��

z
position for the left- or right-handed OAM beam.  When the singularity is far away from the center (~w0), the 

intensity profile resembles a Gaussian beam. So, the resultant ion yields of the OAM beam would be similar to 
that of a Gaussian beam. The yields are not zero at high «u-positions but are small. This is done on purpose to 

avoid saturating the yields at «u ¬
��

z
. Ion yield measurements for argon were accumulated over 100,000 laser 

shots. The maximum yield was typically about 80,000 counts. 

viii) Figure 2c, what occurs for l=3 after 2 microns displacement in the experiment? Is that not possible to show? 

The incident Gaussian beam was 10mm and the q-plate aperture was ~ 15mm. So, experimentally, we 
were limited by how much the q-plate could be shifted without clipping the incident beam. This translated to a 
displacement of singularity by about 2vm in the interaction region.  It is possible to conduct experiments with 
displacements beyond 2vm by using an alternate method of displacing the singularity such as coherent 
superposition of OAM beams with tunable amount of Gaussian beam, achieved by varying the voltage on the q-
plate (as per your suggestion, this alternate method is now mentioned in the methods sections). 

Zi% F]VRdV T]RcZWj eYV dV_eV_TV qIYV UVXcVV `W T`_ec`] RTYZVgVU fdZ_X Rdj^^VecZT E9C SVR^d Zd dZX_ZWZTR_e]j

higher when compared to complex techniques involving manipulating the peak of the laser field by varying the 
carrier envelope phase of few-cycle pulse, pulse shaping, coherent control, and utilization of bichromatic light 
WZV]Udr) :V ^`cV daVTZWZT)

Conventional pulse shaping techniques can modulate the ionization signal by up to an order of magnitude. 
In contrast, OAM beams provide more than two orders of magnitude modulation of the ion yields and more 
importantly scale up with higher l-values. 

x) After investigating the argon atom, there is Fig. 3 for two molecules, one chiral and one achiral. But then, there 
is no experimental results of the main differences of these molecules and how this is linked to chirality. An 
probably the most interesting feature, that is an asymmetric double bump structure, is barely discussed. Authors 
should elaborate the link of the experimental results with chirality, if any, and also please clarify/expand the 
W`]]`hZ_X deReV^V_e5 q>`c R daVTZWZT YR_UVU_Vdd `W YV]ZTR] light, both molecules exhibit an asymmetric double 
bump structure, unlike argon. This is possibly due to differences in their ionization potentials. In molecules, 
ionization occurs at lower peak fields, leading to less suppression of ion yields relative t` RcX`_ Re y 7 o,{^)r

In chiral systems, the two enantiomers that are non-superimposable mirror images, are discernible only 
when they interact with another chiral system. A typical optical probe exploits the broken symmetry of circularly 
polarized light resulting, in differential absorption of left- and right-handed polarizations, leading to circular 
dichroism. However, we have recently demonstrated enhanced chiral sensitivity in liquids and solids [Nature 
photonics 2023, Nature Comm. 2024] by transferring this broken symmetry to the helical phase of the light rather 
than its polarization. In achiral systems, the conventional understanding is that dichroism does not exist due to 
the existing Sn symmetry. However, achiral liquids and solids exhibited dichroism when irradiated with 
asymmetric OAM beams, where the symmetry is broken spatially in the beam profile and the phase of light. This 
raises the question of whether helical dichroism can also be observed in the gas phase.  This was the rationale to 
show results for a chiral and achiral molecule. For a specific enantiomer, left- and right-handed helical light 
produced different ion yields. However, for a specific helicity of light, the ion yields remained similar for the two 
enantiomers within the experimental errors, in contrast to the enhanced chiral sensitivity observed in liquids and 
solids. This is possibly because of the intensities used in the experiments, where tunnel ionization is predominant. 
Electron transitions mostly from the ground state to continuum without involving the chiral sensitive excited 



states. Therefore, the ionization rates are expected to be similar for both the enantiomers, albeit in different 
directions. So, probing the electron angular distributions would provide more chiral sensitivity than the total ion 
yields. 

 The double bump structure observed in molecules for a specific handedness of helical light, is likely due 
to differences in their ionization potentials (8.5 eV for limonene, 9.7 eV for acetone) compared to argon (15.6 
eV). The double bump feature is influenced by the laser intensity and the strength of the E1E2 coupling term (see 
Supplementary Fig. S1a,b) and becomes more pronounced with increasing intensity approaching saturation. 
Strong field ionization with OAM beams is a consequence of the interplay between peak field strength and field 
gradients. The latter gives rise to helicity dependent ionization while the former determines the overall ionization 
rate. At laser intensities approaching saturation, the peak field strength dominates the gradient contribution 
leading to higher ionization rates but reduced differences in ionization between the left- and right-handed helical 
light (see Supplementary Fi.g S5 insets) due to ground state depletion. At intensities well below saturation, the 
field gradient contribution dominates and has a greater impact on the helicity-dependent ionization rate. As a 
result, one handedness of helical light can completely suppress ionization eliminating the asymmetrical double 
bump feature. In molecules, the experimental intensities used were closer to their saturation intensities compared 
to argon. 

xi) Figure 4a do not fit very well with Fig2b,d. Rather than comparing the slopes, it should be more meaningful 
to look at the maximum points. Those for l=1 are in larger displacements than for l=3, which is not the case for 
the experiment. 

We believe the simulation results agree well the experiment. Unfortunately, figure 4a legend had an error 
with the wrong labelling of the curves, possibly leading to some confusion. The error has been fixed and also 
represented s ¬ H with dashed curves in Fig. 4a,b. Experimentally, the maximum differential signal occurs at 
~wo/3 and ~wo/2 for l=1, 3, respectively. Numerical results deviate from experiment, but the trend remains the 
same. Also, a careful look at u ¬ F suggests a slight change in slope for l=3 as observed in the experiments. 

xii) Can you use higher l (OAM) in the experiment? 

Yes, gas-phase experiments allow the use of higher s-values compared to liquid- or solid-state 
measurements due to the negligible influence of propagation effects (nonlinearities in materials with high 
density). However, as s-value increases, the size of the singularity gets bigger requiring higher laser powers, 
affecting the operation of the q-plate. Moreover, the difference between minimum and maximum ion yields would 
increase significantly leading to signal to either saturate or fall below error threshold making measurements 
difficult. We believe l=9 is feasible experimentally. This is the reason we carried out simulations at that value and 
not beyond.  

xiii) There is a change of colours in the labels of Figure 5. 

Agreed and implemented. 

Minor comments: 

1) r_{i,j} before Eq. (2), elaborate in its definition of the distance of a positive and negative charge. 

r_{i,j} is the coordinates of the quadrupole moment. 

2) Before Eq. (2), the vector potential is expanded in R but R is not explained after a later stage. 

R represents the coordinates of the laser beam profile and was defined in the paragraph prior to the 
equation.  



3) When Fig.4b is explained, there is a paragraph that refer mainly to figure of the SM. I do not have a good 
solution for this, but it is strange to have such discussion with several figures of the SM. 

We understand the dilemma. Moving the figures referenced in the supplementary to the main text would 
distract the readers from the key experimental and theoretical results. However, they provide additional 
information that would be beneficial for a comprehensive understanding of how the position of the singularity 
influences ionization and the effect of laser intensity and c-value on the shape of the ionization probability. 

4) Clarify the following statement if this is a change of the electric field or a change of the induced ionization 
ac`SRSZ]Zej5 qIYZd gRcZReZ`_ Z_ eYV aVR\ WZV]U decV_XeY YRd R direct impact on the ponderomotive energy of the free 
V]VTec`_' Rd UVaZTeVU Z_ >ZX) 0Rr

This is a change in the electric field due to the displacement of singularity.  



Response to Reviewer #2: 

Thank you for your positive evaluation of our work and recognizing its importance in providing new insights into 
light-matter interactions. Below we respond to your comments. (Comments in red, responses in blue).

1, When the OAM beam intensity was mentioned in the captions of Figure 2, 3, and 4, is it the local peak intensity 
of OAM beam or the peak intensity of the Gaussian beam before the q-plate is added? This should be clarified in 
the manuscript. 

The intensity represents the peak intensity of the OAM beam at the interaction region. It is now specified 
in the main text.  

2, In the introduction, in addition to the structured OAM beam, it would be beneficial to also introduce pulse 
shaping methods as a conventional approach to control the interaction between light beams and matter, such as 
the strong-field ionization [ref. 36] and NSDI. 

We agree and added a section in the introduction section. 

.' IYV eVc^ z' V]]ZaeZTZej' dY`f]U SV UVWZ_VU hYV_ Ze Zd WZcde fdVU Z_ >ZXfcV 0)

We agree and implemented it in the figure caption. 

4, Figure 5 shows the ponderomotive energy and force 
as a function of displacement of the singularity, which 
could significantly impact high harmonic generation by 
extending the cut-off harmonics. It would be beneficial 
to address this point by a quick simulation. 

We believe a quick classical simulation that 
supported our claim on higher high harmonics was 
shown in Figure S12 of the old supplementary. 
However, we agree that the location is more impactful 
with the ponderomotive figure in Fig 5a). Therefore, we 
moved the classical trajectories curve to the main text as 
fig 5c). Below we include an additional curve to 
demonstrate the influence of higher s-value on the 
harmonic cut-off.  

0' GVXRcUZ_X eYV UZda]RTV^V_e `W eYV dZ_Xf]RcZej y' Z_deVRU `W ac`gZUZ_X eYV gR]fV Z_ p^' Ze h`f]U SV SVeeVc e`

present the normalized value (normalize to w0). 

We agree and changed all plots containing the displacement of singularity (u-position) in the main text to 
the normalized beam waist, tw.  

6, In Figure S4, could the Z=67 peak also be a doubly charged fragment? 

The peak at 
�

�
¬ KL cannot be a doubly charged fragment because there is no stable singly charged 

fragment ion at  
�

�
¬ GHI. However, it is possible to have a doubly charged fragment ion at 

�

�
¬ KL*J, which we 

do not observe. 



Response to Reviewer #1:

DPIUR `V\ VUKM IOIQU NVY YM]QM^QUO [PM ZMKVUL LYIN[ VN V\Y IY[QKSM+ FM ]IS\M `V\Y QUW\[ IUL LQZK\ZZQVU) IUL ^M

JMSQM]M [PM YM]QZQVUZ LVMZ MUPIUKM [PM WYMZMU[I[QVU VN V\Y YMZMIYKP IUL ILLYMZZ `V\Y KVUKMYUZ+ &8VTTMU[Z QU

YML) YMZWVUZMZ QU JS\M'

8VTTMU[ . WIY[ . &bold'5

> YMIL [PM UM^ ]MYZQVU VN [PM TIU\ZKYQW[ dAYJQ[IS IUO\SIY TVTMU[\T KVU[YVS VN Z[YVUO*NQMSL WP`ZQKZ QU OIZ

WPIZMe IUL [PM YMZWVUZM VN I\[PVYZ+ A]MYISS) I\[PVYZ PI]M ILLYMZZML TIU` VN [PM IYQZMU WVQU[Z IUL [PM` PI]M

QTWYV]ML [PM WYMZMU[I[QVU QU [PM UM^ ]MYZQVU VN [PM TIU\ZKYQW[+ However, the paper is still difficult to follow,

it starts describing the phenomenon of strong-field ionization under beams carrying OAM but the story

slowly drifts towards the possible applications of the “synthesized OAM” beams. 6SZV) > IT Z[QSS UV[

KVU]QUKML [PI[ [PQZ WPMUVTMUVU QZ TIQUS` LMWMULMU[ VU [PM A6@+ >U [PM YMZWVUZM Q[ QZ KSIQTML5

d>VUQaI[QVU VN I[VTZ IUL TVSMK\SMZ ^Q[P A6@ JMITZ QZ W\YMS` I WPIZM MNNMK[ ^PMYMIZ [PM IWWSQKI[QVUZ

LQZK\ZZML QU [PM IY[QKSM &Z\KP IZ WVULMYVTV[Q]M MNNMK[Z IUL Z\J*^I]MSMUO[P TQKYVZKVW`' IYM I YMZ\S[ VN QU[MUZQ[`

]IYQI[QVU QU Z[Y\K[\YML SQOP[ JMITZ+e

DPM SI`V\[ VN [PM WIWMY QZ JIZML [PYMM RM` YMZ\S[Z

&.' >UNS\MUKM VN A6@ VU QVUQaI[QVU &;QO+ .'+

&/' >UNS\MUKM VN NQMSL OYILQMU[Z QU ITWSQN`QUO [PM A6@*LMWMULMU[ QVUQaI[QVU &;QO+ /*1'+

(3) BVZZQJSM IWWSQKI[QVUZ VN A6@*LMWMULMU[ QVUQaI[QVU &;QO+ 2*3'+ This is where there seems to be some

confusion, and we would like to clarify.

A6@*LMWMULMU[ QVUQaI[QVU VN I[VTZ QU Z[YVUO NQMSLZ QZ [PM TIQU YMZ\S[) MUIJSQUO [PM KVU[YVS VN QVUQaI[QVU &;QO\YMZ

.*1'+ CQUKM QVUQaI[QVU QZ [PM NQYZ[ Z[MW QU I[[VZMKVUL ZKQMUKM IUL Z[YVUO NQMSL WP`ZQKZ) V\Y YMZ\S[Z KIU PI]M WYVNV\UL

QTWIK[ VU [PMZM NQMSLZ+ DV PQOPSQOP[ [PQZ) ^M LQZK\ZZML [^V WVZZQJSM IWWSQKI[QVUZ &;QO 2*3' VN \ZQUO SQOP[ JMITZ

KIYY`QUO VYJQ[IS IUO\SIY TVTMU[\T+ FM IOYMM [PI[ ZVTM NVYT VN Z[Y\K[\YML SQOP[ JMITZ ^Q[P UV PMSQKIS WPIZM

KIU YMWYVL\KM YMZ\S[Z QU NQO\YM 2*3 ^PQKP IYM WYMZMU[ML IZ [^V IWWSQKI[QVUZ+ =V^M]MY) [PM LMOYMM VN KVU[YVS VU

QVUQaI[QVU LMTVUZ[YI[ML QU ;QO+ /*1 YMX\QYMZ JV[P PMSQKIS WPIZM IUL NQMSL OYILQMU[Z+

BVULMYVTV[Q]M MUMYO` &;QO+ 2' LMWMULZ VU [PM SIZMY QU[MUZQ[ +̀ CV) QU*WYQUKQWSM VUM KIU MUPIUKM Q[ J` \ZQUO

Z[Y\K[\YML UVU*A6@ SQOP[ JMITZ+ CQTQSIYS )̀ NQMSL SVKISQaI[QVU KIU JM IKPQM]ML ^Q[P Z[Y\K[\YML UVU*A6@ SQOP[

JMITZ VY J` KVPMYMU[ Z\WMYWVZQ[QVU VN JMITZ [V KYMI[M I PV[ ZWV[+ ;VY M_ITWSM) JV[P [PM IZ`TTM[YQK PISSV^

<I\ZZQIU IUL [PM KVPMYMU[ Z\WMYWVZQ[QVU VN KIHZY � KIHYY JMITZ &ZMM KVTTMU[ . WIY[ /' PI]M UV A6@ J\[

KIU OMUMYI[M PQOPMY WMIR NQMSL Z[YMUO[P KVTWIYML [V I SV^MZ[ VYLMY =MYTQ[M*<I\ZZQIU+ CV) LQZWSIKQUO [PM

ZQUO\SIYQ[` ^QSS SMIL [V OYMI[MY QU[MUZQ[` ]IYQI[QVU QU [PM JMIT WYVNQSM IUL PMUKM [PM MUPIUKMTMU[+ DPQZ ^QSS

KVYYMZWVUL [V I ZWMKQNQK K\Y]M ZPV^U QU NQO\YM 2+ >U [PQZ YMZWMK[) IU` Z[Y\K[\YML VY Z`U[PMZQaML SQOP[ ^Q[P

ZQOUQNQKIU[ OYILQMU[Z QU [PM QU[MUZQ[` LQZ[YQJ\[QVU KV\SL JM \ZML NVY Z\KP IWWSQKI[QVUZ IUL ^M IOYMM A6@

WYV]QLMZ I KVU]MUQMU[ RUVJ [V IS[MY [PM QU[MUZQ[` MNNMK[Q]MS +̀ FQ[P KVTTMYKQIS I]IQSIJQSQ[` VN [\UIJSM X*WSI[MZ VY

ZWI[QIS SQOP[ TVL\SI[VYZ Q[ QZ IU MNNQKQMU[ TM[PVL [V MUPIUKM [PM WVULMYVTV[Q]M MUMYO` VY SVKISQaM [PM WMIR

QU[MUZQ[ +̀ =V^M]MY) [PQZ LVMZ UV[ [IRM I^I` [PM NIK[ [PI[ A6@ JMITZ KIU KVU[YVS Z[YVUO*NQMSL QVUQaI[QVU IUL [PM

IZZVKQI[ML WPMUVTMUI+

FM PI]M KSIYQNQML [PQZM WVQU[ QU [PM IY[QKSM ^PQKP ZPV\SL PMSW ^Q[P [PM [YIUZQ[QVU NYVT YMZ\S[Z [V IWWSQKI[QVUZ VU

WIOM 4+
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> YMIL [PM UM^ ]MYZQVU VN [PM TIU\ZKYQW[ dAYJQ[IS IUO\SIY TVTMU[\T KVU[YVS VN Z[YVUO*NQMSL WP`ZQKZ QU OIZ

WPIZMe IUL [PM YMZWVUZM VN I\[PVYZ+ A]MYISS) I\[PVYZ PI]M ILLYMZZML TIU` VN [PM IYQZMU WVQU[Z IUL [PM` PI]M

QTWYV]ML [PM WYMZMU[I[QVU QU [PM UM^ ]MYZQVU VN [PM TIU\ZKYQW[+ =V^M]MY) [PM WIWMY QZ Z[QSS LQNNQK\S[ [V NVSSV )̂ Q[

Z[IY[Z LMZKYQJQUO [PM WPMUVTMUVU VN Z[YVUO*NQMSL QVUQaI[QVU \ULMY JMITZ KIYY`QUO A6@ J\[ [PM Z[VY` ZSV^S`

LYQN[Z [V^IYLZ [PM WVZZQJSM IWWSQKI[QVUZ VN [PM dZ`U[PMZQaML A6@e JMITZ. Also, I am still not convinced that

this phenomenon is mainly dependent on the OAM. In the response it is claimed:

“Ionization of atoms and molecules with OAM beams is purely a phase effect whereas the applications

discussed in the article (such as ponderomotive effects and sub-wavelength microscopy) are a result of

intensity variation in structured light beams.”

DPM [YIUZQ[QVU NYVT Z`TTM[YQK A6@ JMITZ [V IZ`TTM[YQK A6@ JMITZ QZ MZZMU[QIS [V M_WMYQTMU[ISS` VJZMY]M

Z[YVUO A6@*LMWMULMU[ TVL\SI[QVU VN QVUQaI[QVU `QMSLZ+ DPQZ QZ JMKI\ZM ^Q[P Z`TTM[YQK A6@ JMITZ) [PV\OP

[PM QVUQaI[QVU WYVJIJQSQ[` M_PQJQ[Z IU A6@*LMWMULMU[ IZ`TTM[Y` [PI[ KIU VUS` JM VJZMY]ML J` WYVJQUO [PM

QVUQaI[QVU SVKISS )̀ OSVJIS WYVJQUO VN QVUQaI[QVU \WVU ZWI[QIS I]MYIOQUO SMILZ [V [PM [V[IS QVUQaI[QVU

WYVJIJQSQ[`,`QMSLZ JMQUO QULMWMULMU[ VN A6@ L\M [V [PMQY Z`TTM[Y` QU [PM NQMSL OYILQMU[Z+ DPM I]MYIOQUO

MNNMK[Z IYM VNNZM[ J` LQZWSIKQUO [PM ZQUO\SIYQ[` [V QU[YVL\KM IZ`TTM[YQKIS NQMSL OYILQMU[Z+

FPQSM A6@ IUL NQMSL OYILQMU[ MNNMK[Z IYM QU[MY[^QUML QU [PM M_WMYQTMU[Z) [PM` KIU JM QZVSI[ML

[PMVYM[QKISS` J` ZQT\SI[QUO QVUQaI[QVU ^Q[P Z`U[PMZQaML SQOP[ NQMSLZ [PI[ TQTQK [PM IZ`TTM[YQK A6@ JMITZ ^Q[P

VY ^Q[PV\[ [PM PMSQKIS WPIZM ]QZ*b*]QZ A6@+ 6Z `V\ YQOP[S` WVQU[ML V\[) I KVPMYMU[ Z\WMYWVZQ[QVU VN =MYTQ[M*

<I\ZZQIU &=<' IUL ?IO\MYYM*<I\ZZQIU &?<' JIZQZ ^QSS YMZ\S[ QU ]IYQV\Z QU[MUZQ[` LQZ[YQJ\[QVUZ ^Q[P QUKYMIZQUO

NQMSL OYILQMU[Z+ 9MWMULQUO VU [PM Z\WMYWVZQ[QVU Z[I[MZ) [PM YMZ\S[QUO JMIT TI` VY TI` UV[ KIYY` A6@+

=MSQKIS SQOP[ KIU JM OMUMYI[ML J` I KVPMYMU[ Z\WMYWVZQ[QVU VN =MYTQ[M*<I\ZZQIU JMIT VN VY[PVOVUIS

Z[I[MZ IHZY IUL IHYZ J` QU[YVL\KQUO I U8> WPIZM LQNNMYMUKM JM[^MMU Z\KP Z[I[MZ [V OMUMYI[M JHY
Z+ DPM

PIULMLUMZZ VN [PM ?< JMIT QZ KPIUOML NYVT (. [V *. ^PMU IU M_[YI U WPIZM ZPQN[ QZ QU[YVL\KML JM[^MMU [PM

VY[PVOVUIS Z[I[MZ+
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DPM ZQOU VN [PM WPIZM LMSI` JM[^MMU JV[P VY[PVOVUIS =MYTQ[M*<I\ZZQIU Z[I[MZ YMZ\S[Z QU PIULMLUMZZ VN [PM

PMSQKIS SQOP[ ¡�N¢ IUL [PM � QU NYVU[ VN [PM R*WVZQ[QVU LM[MYTQUMZ [PM LQYMK[QVU VN LQZWSIKMTMU[+

A\Y M_WMYQTMU[IS IUL ZQT\SI[QVU YMZ\S[Z ZPV^U QU NQO\YMZ .*1 M_PQJQ[ I LQZ[QUK[Q]M IZ`TTM[YQKIS NMI[\YMZ QU

QVUQaI[QVU WYVJIJQSQ[` IZ I N\UK[QVU VN [PM WVZQ[QVU VN [PM ZQUO\SIYQ[ +̀ DPQZ QZ WVZZQJSM VUS` ^PMU SQOP[ KVU[IQUZ

JV[P VYJQ[IS IUO\SIY TVTMU[\T IUL NQMSL OYILQMU[Z+ DV LQNNMYMU[QI[M [PM MNNMK[ VN OYILQMU[Z IUL PMSQKIS WPIZM VU

V\Y YMZ\S[Z) ^M KISK\SI[ML [PM QVUQaI[QVU WYVJIJQSQ[` VN IYOVU NVY Z[Y\K[\YML SQOP[ ^Q[P UV PMSQKIS WPIZM J\[ ^Q[P

Z[YVUO QU[MUZQ[` LQZ[YQJ\[QVU+ 7MSV^ ^M KVUZQLMY [^V M_ITWSMZ VN Z\KP UVU*A6@ Z[Y\K[\YML SQOP[ JMITZ+
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<I\ZZQIU+ DPQZ UVU*A6@ Z[Y\K[\YML JMIT) ^PQKP QZ I KVPMYMU[ Z\WMYWVZQ[QVU VN [^V I?< JMITZ ^Q[P VWWVZQ[M

PIULMLUMZZ) M_PQJQ[Z Z[YVUO QU[MUZQ[` ]IYQI[QVU L\M [V [PM WYMZMUKM VN ZQUO\SIYQ[ +̀





DV Z\TTIYQaM5

&.' >VUQaI[QVU KIU JM QUNS\MUKML J` A6@ ISVUM J\[ QZ ITWSQNQML J` [PM IZ`TTM[Y` QU [PM JMIT YMZ\S[QUO QU

IZ`TTM[YQK NQMSL OYILQMU[Z+

&/' C[YVUO NQMSL OYILQMU[Z QU [PM QU[MUZQ[` LQZ[YQJ\[QVU ISVUM KIU IS[MY [PM LQZ[VY[QVU VN I[VTQK WV[MU[QIS

SMILQUO [V ZVTM TVL\SI[QVU QU [PM QVUQaI[QVU WYVJIJQSQ[`,`QMSLZ+ =V^M]MY) [PM LMOYMM VN KVU[YVS QZ

SQTQ[ML+ @VYMV]MY) [PM TVL\SI[QVU QZ Z`TTM[YQK IZ N\UK[QVU VN WVZQ[QVU VN [PM ZQUO\SIYQ[ +̀

&0' A6@ MUIJSMZ [V N\Y[PMY TIUQW\SI[M [PM LQZ[VY[QVU VN [PM WV[MU[QIS J` MQ[PMY Z\WWYMZZQUO VY MUPIUKQUO [PM

LQZ[VY[QVU SMILQUO [V IZ`TTM[YQK LQZ[YQJ\[QVU VN [PM QVUQaI[QVU WYVJIJQSQ[`,`QMSLZ+ DPMYMNVYM) Z[Y\K[\YML

SQOP[ ^Q[P A6@ WYV]QLMZ IU ILLQ[QVUIS KVU[YVS [V [\YU VU,VNN [PM QVUQaI[QVU &M_ITWSM5 ;QO+ /K I[ PQOPMY S*

]IS\MZ'+

FM JMSQM]M) [PM IJV]M M_WSIUI[QVU QZ KVU]QUKQUO MUV\OP [V ZPV^ [PI[ V\Y YMZ\S[Z VU Z[YVUO*NQMSL QVUQaI[QVU

IYM QUNS\MUKML J` [PM NQMSL OYILQMU[Z IUL LMWMULMU[ VU [PM A6@ ]IS\M+
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dDIRQUO I OYILQMU[ VN [PQZ NQMSL SMILZ [V I NIK[VY VN c S [PI[ MQ[PMY MUPIUKMZ VY YML\KMZ [PM WV[MU[QIS LQZ[VY[QVUe

7\[ VUM KV\SL IS^I`Z IYO\M [PI[ [PQZ QZ ISZV [Y\M QN `V\ [IRM IU =MYTQ[M <I\ZZQIU &=<' JIZQZ+ GV\ KIU OM[ Z[YVUO

KPIUOMZ QU [PM QU[MUZQ[` WYVNQSM) IUL UV^ `V\Y OYILQMU[ ^V\SL LMWMUL VU V[PMY X\IU[\T U\TJMYZ &U)T' [PI[ IYM

UV[ YMSI[ML [V [PM [YIUZ]MYZM IUO\SIY WPIZM VN [PM JMIT) Q+M+ [PM ^QULQUO U\TJMY &S)W'+ 6Z > ^IZ [Y`QUO [V IYO\M QU

T` QUQ[QIS YM]QM )̂ `V\ TI` [PQUR [PQZ WPMUVTMUVU VN LQZWSIKQUO [PM VYQOQU IZ I X\IU[\T KVPMYMU[ Z\WMYWVZQ[QVU)

JV[P QU [PM ?< VY =< JIZQZ) IUL `V\Y OYILQMU[ KIU JM M_WYMZZML QU JV[P JIZQZ+ 6UL [PQZ KVUZ[YIQUQUO V\YZMS]MZ QU

[PM WIYI_QIS IWWYV_QTI[QVU) V\[ VN [PM WIYI_QIS IWWYV_QTI[QVU ^M TI` PI]M Z[YVUOMY OYILQMU[ MNNMK[Z) UV[

UMKMZZIYQS` YMSI[ML [V [PM IUO\SIY WPIZM VN [PM JMIT+ >U [PQZ ^VYR `V\ PI]M I KVU]MUQMU[ RUVJ KVU[YVS) ^PQKP QZ

[PM LQZWSIKMTMU[ VN [PM ZQUO\SIYQ[` VU IU QUQ[QIS ?< TVLM) J\[ VUM KV\SL VJ[IQU [PM ZITM WPMUVTMUVU \ZQUO NVY

M_ITWSM I Z\WMYWVZQ[QVU VN =< TVLMZ+ DV JM KSMIY) [PM [PMVY` QZ W\YMS` LMWMULMU[ VN [PM OYILQMU[ VN QU[MUZQ[ )̀ Q[

QZ UV[ YMSI[ML [V [PM [YIUZWVY[ VN IUO\SIY TVTMU[I VN WPV[VUZ QU [PM WYVWIOI[QVU I_QZ+ 6\[PVYZ ZPV\SL YM]QZM [PQZ

WVQU[+

FM IOYMM UVU*A6@ Z`U[PMZQaML SQOP[ KIU WYVL\KM Z[YVUO KPIUOMZ QU [PM QU[MUZQ[` WYVNQSM) ]QI Z\WMYWVZQ[QVU QU

[PM =< IUL ?< JIZQZ) IZ ZPV^U QU [PM [^V M_ITWSMZ LQZK\ZZML IJV]M+ DPMZM OYILQMU[Z KIU SMIL [V I LMWMULMUKM

VU [PM T)U X\IU[\T U\TJMYZ [PI[ IYM UV[ YMSI[ML [V [PM IUO\SIY WPIZM VN [PM JMIT+ =V^M]MY) [PM` KIUUV[

KVU[YVS [PM QVUQaI[QVU `QMSLZ [V [PM ZITM LMOYMM IZ IU ?< JMIT ^Q[P A6@+ >U [PM IJZMUKM VN A6@) NQMSL

OYILQMU[Z QU [PM QU[MUZQ[` LQZ[YQJ\[QVU KIU ISZV KPIUOM [PM ITV\U[ VN LQZ[VY[QVU VN [PM I[VTQK WV[MU[QIS J\[ LVMZ

UV[ ISSV^ NVY KVU[YVS &VU,VNN Z^Q[KP' VN [PM I[VTQK WV[MU[QIS+ DPQZ KVU[YVS QZ I YMZ\S[ VN [PM PIULMLUMZZ VN PMSQKIS

SQOP[ KVTJQUML ^Q[P [PM IZ`TTM[YQK WIYITM[MY+ 7` KPIUOQUO [PM PIULMLUMZZ VN [PM PMSQKIS SQOP[ NYVT �N F �N

&I[ I ZWMKQNQK R*WVZQ[QVU' [PM JMULQUO VN [PM I[VTQK WV[MU[QIS KIU N\Y[PMY JM MUPIUKML VY LMKYMIZML &ZMM NQO\YM .'

^PQKP KVYYMSI[MZ [V [PM KVU[YVS IUL Z\WWYMZZQVU VN QVUQaI[QVU `QMSLZ M_WYMZZML J` [PM IZ`TTM[YQK QVU `QMSL

LQZ[YQJ\[QVU QU NQO\YM &/*1' VN [PM IY[QKSM+

DPM IWWSQKI[QVUZ LQZK\ZZML QU [PM IY[QKSM &;QO\YMZ 2*3' LV UV[ UMKMZZIYQS` YMX\QYM VYJQ[IS IUO\SIY TVTMU[\T+ 6Z

YQOP[S` WVQU[ML V\[) I KVPMYMU[ Z\WMYWVZQ[QVU WVZQ[QVU VN JMITZ KIU QULMML OMUMYI[M NQMSLZ ^Q[P Z[YVUO OYILQMU[Z

[PI[ KIU TQTQK [PM OYILQMU[Z WYVL\KML J` IZ`TTM[YQK A6@ JMITZ+ DPQZ ^IZ UV^ KSMIYS` Z[I[ML QU [PM IY[QKSM VU

WIOM 4+ =V^M]MY) [PM IZ`TTM[YQK TVL\SI[QVU VN QVUQaI[QVU WYVJIJQSQ[`,`QMSLZ QZ L\M [V [PM PMSQKIS WPIZM ^PQKP

KIU JM IZZVKQI[ML ^Q[P [PM [YIUZWVY[ VN IUO\SIY TVTMU[I VN WPV[VUZ+



Response to Reviewer #2:

DPIUR `V\ VUKM IOIQU NVY YM]QM^QUO [PM ZMKVUL LYIN[ VN V\Y IY[QKSM+ FM IWWYMKQI[M [PM TM[QK\SV\Z YMIL VN V\Y

IY[QKSM+ FM PI]M QTWSMTMU[ML `V\Y KVTTMU[Z IUL JMSV^ QZ I YMZWVUZM [V `V\Y X\MZ[QVU+ &8VTTMU[Z QU YML)

YMZWVUZMZ QU JS\M'

8VTTMU[ .5

(1) > IT ZI[QZNQML ^Q[P [PM YMWS` [V YMNMYMM $. ^Q[P YMZWMK[ [V [PM YVSM WSI`ML J` [PM Z[YVUO NQMSL OYILQMU[Z+

=V^M]MY) > Z[QSS ^VULMY QN Q[%Z M_WMYQTMU[ISS` NMIZQJSM [V OMUMYI[M Z`U[PMZQaML SQOP[ JMITZ ^Q[P Z[YVUO NQMSL

OYILQMU[Z J\[ ^Q[PV\[ PMSQKIS WPIZM+

GMZ) Q[ QZ NMIZQJSM [V OMUMYI[M Z`U[PMZQaML SQOP[ JMITZ ^Q[P Z[YVUO NQMSL OYILQMU[Z ^Q[PV\[ PMSQKIS WPIZM+ 8VUZQLMY

I KVPMYMU[ Z\WMYWVZQ[QVU VN =MYTQ[M*<I\ZZQIU &=<' IUL ?IO\MYYM*<I\ZZQIU &?<' JIZQZ [PIU KIU SMIL [V ]IYQV\Z

QU[MUZQ[` LQZ[YQJ\[QVUZ ^Q[P QUKYMIZQUO NQMSL OYILQMU[Z+ 9MWMULQUO VU [PM Z\WMYWVZQ[QVU Z[I[MZ) [PM YMZ\S[QUO JMIT

TI` VY TI` UV[ KIYY` A6@+

;QYZ[ KVUZQLMY Z[Y\K[\YML JMITZ ^Q[P A6@5

=MSQKIS SQOP[ KIU JM OMUMYI[ML J` I KVPMYMU[ Z\WMYWVZQ[QVU VN =MYTQ[M*<I\ZZQIU JMIT VN VY[PVOVUIS

Z[I[MZ IHZY IUL IHYZ J` QU[YVL\KQUO I U8> WPIZM LQNNMYMUKM JM[^MMU Z\KP Z[I[MZ [V OMUMYI[M JHY
Z+ DPM

PIULMLUMZZ VN [PM ?< JMIT QZ KPIUOML NYVT (. [V *. ^PMU IU M_[YI U WPIZM ZPQN[ QZ QU[YVL\KML JM[^MMU [PM

VY[PVOVUIS Z[I[MZ+
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CMKVUL) PMYM IYM [^V M_ITWSMZ VN Z[Y\K[\YML JMITZ ^Q[PV\[ A6@5
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:_ITWSM /5 8VUZQLMY KVPMYMU[ Z\WMYWVZQ[QVU VN IZ`TTM[YQK =MYTQ[M*<I\ZZQIU

KIHZY � KIHYY YMZ\S[QUO QU I JMIT ^Q[P UV A6@ IUL U\SS QU[MUZQ[` J\[ ^Q[P

Z[YVUO NQMSL LQZ[YQJ\[QVUZ+

8VTTMU[ /5

DPIUR `V\ NVY OQ]QUO [PM UVYTISQaML LQZWSIKMTMU[ VN ZQUO\SIYQ[` &R*WVZQ[QVU') J\[ > ZI^ %m-,0 lT% QU [PM TIQU

[M_[ IUL WSV[Z) ^PMYM [PM %lT% QZ \UUMKMZZIY +̀

DPIURZ NVY WVQU[QUO Q[ V\[+ FM PI]M TILM [PM KVYYMK[QVUZ+


