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Abstract: The extra-cavity quasi-continue spiral phase modulation method for generating high peak power
quasi- radially polarized beam was studied, which show that the generated beam is not perfect radially
polarized, the radially polarized components determine the longitudinal electric field distribution, and the
transversal field distribution is determined by both of the radially and the azimuthally polarized
components. Considering the Richard-Wolf vector diffraction theory, the spatial and temporal distribution
of the electric field vectors around the focal spot for various purities were simulated. The results show
that the spatial and temporal distribution possesses the features of centrosymmetry and oscillation
attenuation, and will be remarkably affected by the carrier envelope phase. Furthermore, the analysis
indicates that the interactions between the focused pulse and the electron will be significantly determined
by the spatial and temporalvector distribution at the focal spot. The results will provide valuable basis for

the laser-particler interaction analysis and further polarization convertor designs.
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0 Introduction

Analysis on the laser-particle interactions is drawing increasing attentions because of its wide
prospective applications on various fields. And with super strong longitudinal components and sharp focal

spot under the high Numerical Aperture (NA) focusing apparatus, the radially polarized beam has a

[1]

promising prospect in laser-particle interactions'’’. Few-cycle femtosecond Radially Polarized Beams

(RPBs) may just help to achieve excellent laser-induced electron acceleration with laser pulse peak-power

f2]

higher than peta-watt'*’. Generally, the high peak power is the most special character of the femtosecond

pulse. Actually, the concerning interactions just lie to the longitudinal electric field to the charged

particles, such that the polarized beams should be focused to obtain the longitudinal electric field along the

[3]

optical length and promote the transient laser power to enhance the interactions®'. In comparison with the

uniformly polarized beams, the RPBs show an excellent focusing quality!™®’. When being focused, the
Linearly Polarized Beam (LPB) possesses the effective longitudinal component along the optical axis, and
obviously brings about the transversal component that could lead to the extra and useless drift of the

st”7. While for the RPBs, there is a fairly strong longitudinal superposition and no transversal

[8-9]

particle
component at the axle, which is paramount for the laser-particle interactions

Besides, to utilize the super-high peak power, the femtosecond pulse should be temporally short
enough and therefore, the light oscillation is transient™®"!. Thus, the vector distribution at every moment
and position is indispensable for the analysis to the mutual effects, such as the laser parameter designing
and the accelerating field layout, etc. In this way, the discussion on ultrafast transient focal vector field of
few-cycle femtosecond quasi RPBs is of great significance.

Meanwhile, how to sufficiently generate high pure few-cycle RPBs is the premise for the applications.

0214 the generated RPBs are not

Usually, for both intra-cavity and extra-cavity converting methods
completely pure in radial polarization rather than quasi. This will affect the imperfect focusing features,
especially the spatial and temporal vector field of the focal spot which further influence its wide

0515) - Ref. [17] gives some focusing results involving various radial polarization purities which

applications
are the superposition of uniform Radially Polarized (RP) and Azimuthally Polarized (AP) beams.
However, the spatial and temporal vector field of the focal spot has not been analyzed for the few-
cycle femtosecond conditions, which will be different from that of the CW. This paper will try to obtain
the few-cycle femtosecond quasi-RPB, and discuss its ultrafast transient focal vector field by various RP
purities and the interaction features with the electron at the spot, so as to reveal the details and the

advantages of the spatial and temporal focal vector field.

1 Quasi-RPBs based on quasi-continue spiral phase modulation

1.1 Design of the generator
On the basis of the system raised by Qi Jun-1i "'*), the polarization rotation can be achieved by crystal-

type SLM. Considering the Jones Matrix of the SLM is
1 0
— , 1
J@®» [O } (D

elr?

where, § stands for the phase retardation caused by the different voltage value electric field applied on the
liquid crystal (x, y), which can modulate the phase retardation in different areas. Then, with two
concerning quarter wave plates whose fast-axles directions are orthogonal, 45° and 135° respectively, the

angle of rotation of certain point can be controlled finely, and the Jones Matrix of the converting set is

shown as
cos S(I’y) sin 6(1 ay)
Ox.y) 2 2
PR @
o 0(x,y) ox,y)
sin 5 cos 5
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When the LLPB passes through the system, the polarization direction will be rotated by any angle
according to the retardation value. Further, some crystals can meet the requirements of the phase
retardation function of the SLM, such as the birefringence crystals and the wave plates, of which the
YbVO, and the silica are typical.

In aspect of the birefringence, the value of the YbVO, crystal is much larger than that of the silica
(N.—N,=0.214~0.009@800 nm). As for the roto-optic effect of silica, to achieve the rotation angle of
360°, the thickness should be as large as 31. 5 mm (a¢=11. 44°/mm @ 800 nm), which makes it hard to
splice the wave plate. Thus, the phase modulation based on birefringence is preferred. The YbVO, crystal
possesses a fine transmittance in a large range spectrum including the visible and the near infrared
spectrums. The corresponding laser Damage Threshold (DT) is higher than 15 J/cm® @ 10 ns, and the
transmission loss is less than 0.1% /cm™!.

According to Eq. (2), the high power femtosecond quasi-RPBs with pulse duration of few-cycle are
converted from LPBsM'*' by converters whose structures can be shown as Fig. 1 (a), i.e., in 3-D helical
sector-shape. The sub-section beam from any sector will not be completely radially polarized, but linearly

in a certain direction at the whole sector respectively, as shown in Fig. 1 (b).

1
Xl/(a.u.)

00

(a) Section-shape structure of RPBs converter (b) Linearly polarized sub-section beam from any sector

Fig. 1 RPBs converter and sub-section beam
Correspondingly, the phase compensator is also shown in Fig. 2, which should meet the requirement
to offset the phase difference caused by the varied optical length, as
A8, + A, =Const (3)

Polarization
converter

compensator

Fig. 2 Principle of the phase compensation
According to the Sellmeier Function, the birefringence of YbVO, is 0. 214 (n,=1. 972,n.=2. 186).
And the phase retardation value is proportional to the thickness, as
2n ny—n.]d(®)
A
To meet the polarization rotation from 0 to 27, the value of §(#) is 0 ~4x, and the fabricating

o) = 4)

thickness is 0 ~ 7. 484 um. For the compensator, assuming the index of the silicon is nsio, » the
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corresponding thickness is
m
d= _mA

(m=1,2,+) ()]
Nsio, 1

Overall, the generator is consisted with two quarter wave plates, a spiral-like structure with the
YbVO, crystal and a concerning phase compensator made by silicon, so as to obtain the high peak power
RPBs.
1.2 Purity of quasi-RPBs

Generally, the obtaining can be considered as the superposition of RP and AP beams, in which the
proportion of the RP beams is regarded as the purity of the RP*'"1, For any sub-section beam from a sector
with cross scheme as shown in Fig. 1 (b), the linearly polarized vector can be always orthogonally
decomposed to radially polarized vector and azimuthally polarized vector. When being focused, the AP
components will not affect the focusing electric intensity and vector amplitude in longitudinal.

Assuming that the beam is uniform and normalized in intensity over the whole cross section, that is,
E.=Ex for a sector with fan angle of 20,,, the Equivalent Radially Polarized Portion (ERPP) at one point is
f(r,®=1Xcos . And the whole results of the beam can be expressed as

RO
SZZJJf(r,ﬁ)(rdﬁ)dr:stin O (6)
00
And the corresponding radial polarization purities p is calculated as
S sin @,
°7S. o, E
where
2 2
S =R =0, R’ (8)
b

To make the definition of the purity universal, the convergence angles ¢ of the radius which causes the
ERPP different can be considered as f,(r,0 at (r,0).

S (ry@) =cos fsin ¢ [€))
where, ¢ varies from 0 to ¢, , and ¢, is the maximum convergence angle. Thus, the expressions of S and
S, can be reconsidered due to this angle, but since the value of ¢ is only relevant with r, the purity doesn't
change.

Similarly in Fig. 1 (b), the Equivalent Azimuthally Polarized Portion (EAPP) in the transversal
direction could be expressed as

fa(rs0)=cos fcos ¢+sin § (10)
which can be regarded as the effects caused by APB equivalently.

More generally, when the expressions with radius » and angle § in EP or the intensity distributions
cannot be separated as Eq. (6), the results of the purity could be much more complex, such as the
Gaussian intensity envelop.

1.3 Influences of quasi-continue structures on laser Incident beam
beam properties
Actually, as shown in Fig. 3, the quasi-continue

structure contains numerous tiny steps, which can

induce some factors that can affect the focusing. When
the step number increases, the purity of the gained
RPB in theory is also improved.
1.3.1 Considering on the dif fraction ef fects Fig. 3 Schematic of the Michelson echelon

The mutational interfaces between the steps are inevitable, so the diffraction effects would occur to
distort the wave front and it also causes the deviations of propagation for portions of the light which will
reduce the laser beam quality. Thus, the interfaces are paramount for the effects of the diffraction.

The model of the spiral steps can be analyzed as reflection-type Michelson echelon, which is made up
of numbers of parallel crystal plates, shown as Fig. 3. As the plates are of the same refractive index, when

irradiated by the parallel incident beam, the spiral steps will have the diffraction effects just like that of
0532001-4
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multiple-slits.

While, the fairly low reflecting index of the YbVO, crystal, as small as 8% (@ 800nm), would
obviously decrease the potential diffraction effects. And the mere 8% part is discussed below.

When the diffraction angle 0 as shown in Fig. 3 is small enough, the optical length difference between
the two adjacent steps can be estimated as A==2¢, where ¢ is the height of the step. Actually, for the ion
etching method employed, the step height is about 10 nm, which is about one order smaller than that of
the central wavelength 800 nm. Considering the coherent phenomena on the interface, the phase difference

of the two sides is about %(Z%X&r) , which indicates that the diffraction here can be negligible at
the near-field. Unlikely, the height between the first and the last step is about 7. 4 ym, which should be

concerned for the superposition to the diffraction. The corresponding optical phase difference is about 37=x

2

<7/100><2
800

fields. Besides, it is only one of the numerous interfaces, making little difference to the whole. Thus, the

X 271) , which donates nearly nothing to the intensity increase by the superposition of the electric

steps can be treated as the roughness of the plane. In fact, the optical efficiency is somehow reduced due to
this structure.
1.3.2 Considering on the pulse duration change
Assuming that the laser pulse intensity is moderate enough and cannot cause any nonlinear effects in
the crystals, the dispersions would change the pulse duration differently for various thicknesses. For an
incident laser pulse with a Gaussian profile, the results can be expressed as
ADexp {ip() } =Ajexp [ —4In2(z/7,)* /2] (1)
Tp.oul:[1+a()§0ﬂ2/(fp)1:|1”’2 ° 7, (12)
where, r, is the Full Width at Half Maximum (FWHM) of the input pulse, the pulse duration after
passing through the crystal can be calculated by Eq. (12), in which a, = (4In2)*, ¢ is the 2nd-order

on(w)

Group Velocity Dispersion (GVD), go//(d)) =—F'(0)z and k(@)=

The relationship between the medium length z and the pulse duration z,.. can be obtained.
Consequently, the pulse will be stretched in temporal width, which leads to the decrease of the peak
power. Actually, for the pulse with central wavelength of 800 nm and pulse duration of 50 fs, the GDD for
Si0, is as weak as almost 75/fs” per millimeter. When the pulse passes through the crystal with a thickness
of 6 ym, the fairly small changes of the pulse duration, calculated as Eq. (13), can be neglected. It is also
the same with YbVO,.

Tpow = (172,423 X107 )V o ¢, (13)

Thus, the impacts of the dispersion on the pulse duration and peak power can be ignored. In practical
fabrication, there must be a basement of a certain thickness beneath the spiral step structure, about several
millimeters, which is much thicker than the valid polarization rotation portion’s size by two or more
magnitudes. Therefore, the basement is regarded as conducting the same pulse stretching effects all
around, which indicates that extra compensation would not be necessary at this aspect.

1.3.3 Considering on the wavelength dependence

According to Eq. (4), the maximum machining depth can be estimated as d(2%x) =2A/An, and then
the relationship between the depths and the wavelengths can be obtained as Fig. 4 for YbVO,.

It is shown that the machining depth is nearly linearly relevant with the wavelength, such that the
dispersion effects should be concerned. Take 800 nm wavelength as an example, in order to achieve
adequate phase modulation, the depth change should be from 0 to 7. 484 pm.

Precisely, in each sector, the polarization directions of the central frequency are all the same as that of
the angle bisector. However, their directions would suffer some fixed deflections, shown as Fig. 5, which
depicts the diagram of the polarization distributions in a sector, assuming the central angle is 2¢, and the
deflecting angle is 8. When the depth is 7. 484 pm, in comparison with the wavelength of 0.8 um, g are
0.807 3" and — 0. 635 5° respectively for the wavelength 0. 72 um and 0. 88 pm. The results could be
smaller for other wavelengths and depths.

0532001-5
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Fig. 4 Relations between the depth and wavelength Fig. 5 Deflection of the polarization directions

It can be indicated that the purity for certain frequency whose polarization directions possess a
deflecting angle 3, is similar to that of the central frequency when g is small enough, calculated by Eq.
(14), whereprepresents the purity of the RP part. Thus, the error induced by wavelength can be ignored.

:sin @, cos f A0
Qo

Actually, the process of the ion etching technology is conducted on the backing material, not same as

the traditional crystal-splicing, such that there will be little physical effects caused by the energy deposit

within the interfaces.

2 Focusing simulations of the few-cycle femtosecond Quasi-RPB

It should be highlighted that for the focusing of this kind of uneven polarized beams in this paper, off-
axis parabolic reflector is concerned with which the dispersion effects could be neglected.

Based on the vectorial diffraction theory of Richard-Wolf which is responsible for the focusing of a
paraxial optical field by aplanatic optical devices, and considering that the quasi RPB electric field has
varied distributions at the entrance pupil, i. e. , with different purity, the modeling of the focusing electric

field can be conducted ast*-

L« E( w08 (b —on )ik 2
ECrsgps2) = Zmﬂ Jeo 04’@ korpeos etk i, dk, (15)
where, E(rp,¢p,2) is the electric field at a point P on the collecting plane (rp.gp,2), and (k,,k,.k.) is the
components of the wave vector k, E, (k,,k,) is the distribution at the entrance pupil, ¢ represents the
divergence angle, L is the divergence matrix, f stands for the equivalent focal length, respectively. By
integrating over the whole cross section of the beam, i. e. 2, the simulation results of quasi-RPBs are

shown in Fig. 6. In simulations, the NA=0. 9 and the central wavelength is 800 nm.

%107
20
3
15
—~ e 2 -
c?:: ; 110
S s 1 W : e
< - <ﬂ A ; E 5
= - S0 .___,,_b) i
N o ‘ H P
=i -1 LT .
75 e ' TS T N T e 7 s -5
5.0 o '
25 2.5 . 30
Y/pum 00 X/pm Y/um 00 X/pm
(a) p=0.9003 (b) p=0.9936

Fig. 6 Longitudinal component vector amplitude distributions at focal plane of different purities
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It should be figured out that the longitudinal 6
a — Lorentz fit
electric field has a periodical change at the focal
plane, and that the intensity gets to the peak at the _ :
spot. When the purity is higher, the longitudinal g 4 |
intensity could be stronger (2. 027 X 1077 wvs, E’
2.283%1077 in Fig. 6). g 3
Also, in Fig. 7, the stronger peak intensity of N
higher purity can be seen, and the FWHM of ¢ is é
smaller than that of (0.7 pm vs. 0.9 pm), which | . , . . X
derives from the different focusing extent of o 1 2 3 4 5 6 7 8
longitudinal field and that the RP components Distanes/jor
determine the longitudinal electric field. Fig. 7 Intensity distributions of the cross profile through
On the other hand , the transversal electric the spot in Fig. 6

field is also affected by the purity. The peak power in e is 9. 744X 10", while in f, the value is mere
6.685>X10 ". As shown in Fig. 9, the envelope of ¢ has a larger FWHM than /(2. 09 um to 1. 08 um),
which can be attributed to the influence caused by the AP purity.

20.0 |

17.5

15.0 5

12.5 . 4
E& 10.033 3

[\S)

. X104
6
g3 |
g |

0 25 50 7:5 10.0 12.5 15.0 17.5 20.0 0 25 50 75 100 125 15.0 17.5 20.0
X/pm X/pm
(a) p=0.9003 (b) p=0.9936

Fig. 8 Transversal component vector distributions at focal plane of different purities
10 pm v om oo e —

e | orentz fit

9

Intensity/(a.u.)
~

0 1 2 3 4 5 6 7 8 9
Distance/um
Fig. 9 Intensity distributions of the cross profile through peak of the spot in Fig. 7

Furthermore, it is expected that the femtosecond pulse be shorter, which will benefit a lot in a large
sense. Take 20 fs as an example, whose RP purity is100% , oscillation frequency is 5X 10" Hz and Carrier
Envelope Phase (CEP) is 0 respectively.

According to Fig. 10 and Fig. 11, the evolution of the electric field of the pulse can be figured out. For
the longitudinal one, the intensity at the optic axis is the largest as shown in Fig. 12, and possesses a
periodic change in directions, and the situation of CEP = =/6 is also shown. The distributions of the

transversal one is the same. However, the intensity is zero at the pulse center.

0532001-7
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Fig. 10 Longitudinal electric field distributions of the Fig. 11 Transversal electric field distributions of the

pulse at the spot pulse at the spot
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Fig. 12 Longitudinal electric field distributions along the optic axis of the pulse at the spot

Assuming that the particle concerned is electron, according to the Newton's Second Law, the velocity

of the electron after interactions with the pulse at the spot can be calculated as

v, = Jr qicE(t)dt
o m,

(16)

where, 7 is the pulse duration, E(z) longitudinal electric fields at # moment, ¢. and m. are the charge and

the mass of the electron, and At means subdivides of time. The expression can be further reduced as

n

v, = ZE,, g At

0 m,

Thus, the results of the two CEP values can be worked out as

Vreep0 =89. 61 %At

e

Vrey — w5 =77. 61 Lo 7q

e

(17

(18

(19)

In comparison, the uniformly-polarized beams suffer from the inevitable transversal components along
the optic axis when being focused, which pushes the electrons away from the areas where the longitudinal
field is the largest. And the continuous one has fairly weaker peak power. Obviously, the CEP moves the

position of the oscillation peak, and changes its magnitudes. As a result, the acceleration effects of the

former is better, which makes controlling of the CEP be paramount for the optimum interactions.

In this process, the peak of the CW laser would firstly act on the particle on the focal spot and then
the other part, while the pulse is different which meets the particle successively the heading part , the peak
and last, the trailing, enjoying a Gaussian shape like the incident one. But this whole interaction would be

more efficient.
This result can be illustrated by the focusing features of the pulse.

3  Conclusion

In this paper, the method to generate high peak power femtosecond few-cycle quasi-RPBs is

0532001~ 8
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illustrated, and by modeling and simulations on the focal plane range, the temporal and spatial
distributions of the electric field are discussed, how the RP purity affects the focusing vector features is
demonstrated and the wave shape of the longitudinal components, the peak power and the vector
distributions after being focused are also calculated.

Obviously, the RP sub-beams fully determine the longitudinal electrical field distributions in vector
and intensity, while the transversal electrical field distributions are affected by both the AP sub-beams and
the transversal components of the RP sub-beams.

Furthermore, the electric fields of different parts of the pulse after being focused are also calculated,
which draft a result of the interactions between the femtosecond pulse and the electron along the axis. This
work is valuable for further laser-particle interactions analysis, focusing experiments and polarization
convertor design.
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