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Abstract: Usually, optical tweezers for trapping atoms or nanoparticles are based on the focusing
of a Gaussian laser beam (GB). The optical trap is characterised by its longitudinal stability (LS),
expressed as the ratio of the backward axial gradient and the forward scattering forces. Replacing the
GB with a LGpg beam (one central peak surrounded by p rings) does not improve the LS because the
on-axis intensity distribution is the same whatever the mode order p. However, it has been recently
demonstrated that a restructured LGpg beam can improve greatly the LS. In this paper, we consider
the restructuring of a LGpp beam when passing through a simple binary diffracting optical element
called a circular 7-plate (CPP). For a particular radius of the dephasing zone of the CPP, it is found
that the LS is multiplied by a factor corresponding to a relative increase of about 220% to 320%.

Keywords: optical tweezers; improved longitudinal stability; high-order Laguerre-Gauss modes;
laser beam shaping; binary diffractive optical element

1. Introduction

It is commonly admitted that the focusing of a Gaussian beam in the presence of a
positive spherical aberration (SA) leads to a degraded focus characterised by a reduced
intensity in the focal plane [1,2], and reduced longitudinal and radial intensity gradients [3].
The main characteristic of an optical trap is its longitudinal stability (LS), expressed as the
ratio of the backward axial gradient and the forward scattering forces. The challenge in this
work is to illuminate the optical tweezers with a restructured (non-Gaussian) laser beam in
order to make the LS as high as possible for a given laser beam power, and consequently
performing better than the usual Gaussian beam. It is generally agreed that spherical
aberrations and optical tweezers illuminated by a Gaussian beam do not mix too well. The
question of improving the tweezers’ performance through its illumination by a structured
laser beam not necessarily Gaussian has long been considered. The most recent results are
as follows:

(@) The trap is illuminated by a rectified LGpo beam [4]. Let us recall that a radial Laguerre-
Gauss LGpo beam is made up of a central peak surrounded by p rings alternately
positive and negative. The beam rectification is obtained by inserting a binary diffrac-
tive optical element made up of concentric dephasing zones making all the rings to be
positive. The longitudinal force is improved by a factor ranging from (p + 1) to (p + 2).
In contrast, the radial force is not improved.

(b) The second possibility is based on the addition of an optical Kerr effect while focusing
the Gaussian beam illuminating the trap [5,6]. Doing that improves the longitudinal
force by a factor of not more than two for particular values of the input power [6].

(c) The third possibility is to introduce a primary or secondary spherical aberration on
the path of the incident LGpo beam. This allows for increasing several times both the
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longitudinal and transverse trapping effect for a given incident power [3] especially if
the spherical aberration is negative.

Note that replacing the usual Gaussian beam by a pure LGyo beam, for a given
power, does not improve the longitudinal force of the trap because the on-axis intensity
distribution remains the same whatever the mode order p. It just improves slightly the
radial force because the width of the central peak decreases with p [3,7]. In order to enhance
the longitudinal force, it is necessary to structure the incident LG,y beam by setting an
adequate phase aberration profile (PAP) ¢(p), as shown in Figure 1, and where p is the
radial coordinate. The main points of the theory of optical tweezers can be found in
Appendix A, and more details are available in [8-13]. It is assumed that the optical trap is
in the Rayleigh regime for which the size of the trapped particle is very small compared to
the wavelength. Consequently, even focused, the LGy beam can be reduced to its main
central peak in consideration of the particle size.
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=0 =

v

Figure 1. Optical trap set-up showing the focusing of a LGpo beam restructured by a phase aberration
profile ¢(p) for trapping a particle taking the form of a green sphere.

Figure 1 shows the problematic of improving the capacity of trapping of optical
tweezers by structuring the incident laser beam by the use of a phase aberration profile
(PAP) ¢(p). Recently, it has been demonstrated that when ¢(p) takes the form of a primary
or secondary spherical aberration, it is possible to greatly enhance the longitudinal and
radial forces [3]. It is convenient to use the figures of merit Z; (see the Appendix A) in
order to measure the factor by which the longitudinal stability (LS) is multiplied in the
presence of the PAP ¢(p). When Z; is greater (smaller) than unity it can be argued that the
trap performance has been improved (reduced).

2. Optical Tweezers Illuminated by a LG9 Beam Subject to Spherical Aberration
The complex transmittance 7, of the PAP ¢(p) is given by

To = exp[—ig(p)] 1)

An interesting case is when the phase aberration profile ¢(p) is a spherical aberration
¢s4(p) taking different forms depending on integer N:

N
¢(p) = ¢salp) = kWno (;)) 2)

N = 4 stands for the primary SA, N = 6 for the secondary SA. Wy is the primary and
secondary spherical aberration coefficient. The quantity py represents the radius of the
unit circle which, by definition, contains 99.9% of the incident power. Table 1 gives the
variations in pg with the incident mode order p.
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Table 1. Variations in pg of the radius of the unit circle with the mode order p of the incident LGpq
beam, where W is the width of the Gaussian term in Equation (3).

p 0 1 2 3
00 2W 255 W 3W 335 W

The incident collimated radial Laguerre-Gaussian LGy beam of order p is charac-
terised by its amplitude electric field distribution E;;, (p) given by

Ein(p) = EoLp(20°/ W?) exp(—p*/W?) €)

where W = 1 mm is the width of the Gaussian beam (p = 0), and L, is the Laguerre
polynomial. The power carried by the LG, beam is equal to P;, = 7W?E}/2 and is the
same whatever the mode order p. The complex transmittance 1; of the focusing lens of
focal length f; = 50 mm is given by

ikp? }
T, = exp|=— 4
L p { 2f (4)
The calculus of Z; (see Appendix A) is based on the intensity distribution I;(r,z) =
|E4(r,2)|?, where E;(r, z) is the diffracted field associated with the beam emerging from
the ensemble (lens + PAP) given by the Fresnel-Kirchhoff integral:

E4(r,z) = i:o/oon (0)Tp(p)Ein(p) exp [m)fz (flL - i)}]o B:r-p} pdp )

where r (p) is the radial coordinate in the plane z (Lens + PAP) and ] is the zero-order Bessel
function of first order. The integral given by Equation (5) is calculated by using a FORTRAN
routine based on the numerical integrator dgdag from the International Mathematics and
Statistical Library (IMSL).

Remark: The calculation of Z} is made for a focusing lens of focal length f; = 50 mm
which is unusual for optical tweezers because it does not allow to achieve a tight focusing.
The main reasons for this choice are for ensuring a validity of the Fresnel-Kirchhoff integral
which could be questionable for a very short focal length f7, and for maintaining a certain
continuity with our previous works [3,4,6].

The variations in Zj versus the aberration coefficients Wso and Wgy have been already
considered in [3] for a Wy varying from —A /10 to +A/10. Here, we emphasise only the
effect of a primary SA on the performances of an optical trap illuminated by a LGy beam,
but on a greater range of Wy values, i.e., from —A to +A.

Figure 2 shows that in presence of a spherical aberration, the longitudinal stability
of the optical trap illuminated by a LGy beam (with p >0) can be increased significantly,
especially when Wy is negative. It is also seen in Figure 2 that when the trap is illuminated
by a Gaussian LGgg beam the longitudinal stability is essentially degraded in the presence
of a spherical aberration, except for a small range of negative coefficient Wy for which
Zy, is slightly improved. For a higher-order p, the maximum value reached by the figure
of merit Z; is of order (p + 2). The results shown in Figure 2 would appear at first sight
relatively surprising since usually users of optical tweezers illuminated by a Gaussian beam
do everything to reduce or compensate the SA originating from the usual glass substrate
forming part of the optical tweezers, which introduces a refractive index mismatch with
respect to the surrounding medium [14-18]. In fact, what we recently showed [3] is that
the effect of a spherical aberration on the performance of optical tweezers illuminated not
by a Gaussian beam but by a high-order LG, beam (p > 0) enhances its performances, i.e.,
Z1, > 1, as shown in Figure 2.



Photonics 2024, 11, 744

40f17

5.5+
5.0
45
4.0
3.5

254
2.0
1.54
1.0
0.5

Figure 2. Variations in the figure of merit Z; versus Wyy/A, the normalised primary spherical
aberration coefficient. Z; > 1 (Zp < 1) indicates that the longitudinal stability of the trap is improved
(reduced).

Figure 3 shows that there are at least two effects when the LGy beam, for instance,
to be focused is subject to a spherical aberration. The first one is a shift of the best focus,
i.e., the maximum of intensity, beyond (before) the focal plane z = f; when Wy is negative
(positive). The second one is a substantial strengthening of the maximum of intensity ac-
companied by a gradient stiffening. The shift of the best focus position could be understood
by having recourse to a mean focal length f49 given by [19], characterising the lensing effect
associated with the SA:

(6)
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Figure 3. Distribution of the on-axis intensity of a LG3g beam passing through a lens of focal length
fr =50 mm, and a primary spherical aberration characterised by the coefficient Wyy.

It is important to note that the spherical aberration cannot be reduced to a simple
lensing effect having regard to the height of the on-axis intensity maximum for Wy, < 0.
Indeed, the on-axis intensity maximum should have been reduced with respect to the case
Wy = 0 for a pure lensing effect. Another point of view justifying that we are not dealing
with a pure lensing effect associated with the SA is to consider the variations in the position
Zmax Of the best focus versus Wyg. Indeed, the plots in Figure 4 show that the focus shift is
dependent (independent) on mode order p > 1 for positive (negative) spherical aberration;
the case p = 0 having once again a specific behaviour as mentioned above. Note that the
values of (zmax — f1)/ f1 in Figure 4 are slightly different from those given in [3] because
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the values of the unit circle radius pg are different. Consequently, one can deduce that the
spherical aberration has an action of restructuring the laser beam by a transfer of energy
from the surrounding rings towards the central peak.
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Figure 4. Variations in the relative variations in zmax; the position of the best focus versus the
normalised spherical aberration coefficient.

The plots in Figure 5 show that the presence of the spherical aberration enhances
the longitudinal gradient of the on-axis intensity which permits an understanding of the
improvement in the LS shown in Figure 2. As introduced in the Appendix A, the optical trap
is characterised by the longitudinal position z;, where the gradient force can overcome
the scattering force. More simply, one can say that the trapping position of the particle is
Zmin Which varies with the spherical aberration as shown in Figure 6. In contrast to what
is seen in Figure 4, the value of z,;, is dependent (independent) on mode order p > 1 for
negative (positive) spherical aberration; the case p = 0 has always a specific behaviour.
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Figure 5. Axial distribution of the longitudinal gradient of the on-axis intensity for a LG3p beam
passing through a lens of focal length f; = 50 mm, and a primary spherical aberration characterised
by the coefficient Wiyy.
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Figure 6. Variations in the relative variations in zy,, the position where the gradient force can
overcome the scattering force defining the turning point of the optical trap.

In the next Section we will consider the use of simple diffractive optics described
in terms of a mixing of primary, secondary and tertiary spherical aberrations [20], and
allowing for implementing an adjustable, in sign and value, spherical aberration.

3. Restructuring the Laser Beam Illuminating the Tweezers

As seen previously, it is possible to enhance the LS of optical tweezers by using a LG
laser beam subject to spherical aberration (SA) for its illumination. The order of magnitude
of the factor which multiplies the ratio Fg,q4/ Fscat is equal to about (p + 2), provided that
the SA coefficient Wy takes an adequate value as seen in Figure 2. Let us pass now to the
implementation of the spherical aberration by examining the different possibilities.

The most practical way for generating a wavefront having the adequate shape so
that it carries a specific spherical aberration could be the use of a spatial light modulator
(SLM) [21], or a deformable mirror (DM) [22]. Although these solutions are elegant and
powerful, they are also very expensive, and a cheaper one is desirable. For that, there are
at least two possible solutions. The first one consists of the use of the spherical aberration
associated with a thin converging or diverging lens according to the desired SA sign. A.E.
Siegman [23] proposed a simple modelling allowing the determination of the desired Wy
coefficient resulting from a thin lens having a focal length f:

P
f 3
where Cyy is a dimensionless factor that is typically equal to one [23]. For instance, if we
desire an aberration coefficient Wy = —0.2A, then f ~ —42 mm for a unit circle radius
po = 2 mm. Such a diverging lens would not disturb significantly the quality of the tight
focusing carried out by a focusing lens of very short focal length (some millimetres).
This solution, unfortunately, does not provide the opportunity to allow easy and quick
adjustments of Wyg.

The second possibility for generating a negative SA (Wyg) consists of using the diffrac-
tive aberration originating from a binary diffractive optical element (BDOE) made up of a
circular m-plate (CPP), as shown recently [20]. Before proceeding, let us recall that a CPP is
a BDOE which introduces a r-phase shift in the central region of the incident laser beam.
The CPP is characterised by its complex transmittance 7¢ given by

Wy = Cy @)
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The formalism used for the calculation of the aberration coefficients A; can be found
in [24,25], and recalled briefly in Appendix B. As shown in Figure A3, the spherical aber-
ration coefficients can be positive or negative depending on the radius Rp; of the CPP.
Consequently, it would be interesting to replace the phase aberration ¢(p) shown in Figure 1
with a CPP, and to check if this serves to improve the longitudinal stability of the optical
trap illuminated by a LGy beam. For that, we have to determine the variations in the figure
of merit Z; versus the normalised CPP radius G = Rp;/W. Note that by necessity we have
introduced two types of CPP radius normalisation. The first one, Rp;/po, is based on an
energy criterion, thus depending on mode order p, while the second one, Rp;/W, is based
on the geometry of the problem.

Before we proceed, it is important to have in view that the CPP has an action of beam
reshaping. In order to illustrate this important property [26], let us consider in Figure 7 the
transverse intensity distribution in the focal plane z = f; when the beam incident on the
CPP is Gaussian. The longitudinal diffracted intensity distributions are shown in Figure 8.

(8)
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Figure 7. Focused intensity distribution of a Gaussian beam diffracted through a circular n-plate
having a normalised radius Y = Rp;/pg or G = Rp;/W.
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Figure 8. On-axis intensity of a Gaussian beam diffracted through a circular m-plate having a
normalised radius Y = Rp;/pp and focused by a lens of focal length f; = 50 mm.
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It is seen in Figures 7 and 8 that the CPP transforms the Gaussian beam into an optical
bottle beam (OBB) for Y = Rp;/po equal to about 0.45 (i.e., G = 0.9). By definition, the OBB
consists of a dark (or minimal intensity) region surrounded by higher-intensity light in
the three principal directions. An OBB offers some advantages which are, for instance, the
formation of a dark trap well adapted to achieve a 3D confinement of cold atoms without
the use of crossing beams [27] as long as the laser is blue detuned. Another application
of OBBs is the trapping of particles with a refractive index lower than the surrounding
medium [28]. In the following, we will distinguish these two different situations by the
wording “OBB-tweezers” and “single-lobed-tweezers” depending on the beam reshaping
achieved by the CPP presence when the incident beam is a LG, beam. Consequently, we
must first check if the presence of the CPP changes completely the nature of the longitudinal
and transversal intensity distributions just as in the case of a Gaussian beam shown in
Figures 7 and 8. For that, we will determine the on-axis intensity I;(0,z = f ) in the plane
of reference z = f] for different values of the normalised CPP radius G = Rp;/W, and the
results are shown in Figure 9. There are two groups of values for the ratio Rp; /W making
the intensity I;(0,z = fr) maximum or equal to zero. Note that the maxima of on-axis
intensity in plane z = f;, identified by an arrow in Figure 9, is improved compared to the
on-axis intensity without the CPP. This is typically a diffractive transfer of energy from the
periphery of the beam towards its centre. An identical phenomenon has been observed
when a multi-annular BDOE achieves the rectification of a LGpo beam [29].

8500 -
8000 -
7500
7000
6500 4
6000
5500
5000
4500 3

f)(a.u.)

On-axis intensity | (0,z
IS
8

O T T v T T T 1 T T ’ T T 1

60 05 10 15 20 25 30 35 40
G=R,/W

Figure 9. Variations in the on-axis intensity I;(0,z = f) in the focal plane of the focusing lens versus
the normalised radius of the circular n-plate.

The following is a list of specific normalised radii G = Rp;/W for which the on-axis
intensity is minimum > 0, maximum or zero. Certain values of G are identified as the
position of a zero of intensity of the incident LG,y beam (see Table 2).

P =1 — max — G = 0.7 (zero of intensity)
zero — G =0.84

p=2—min>0 — G = 0.54 (1st zero)
max — G = 1.31 (2nd zero)

zero — G =2.08

p =3 — maxl — G = 0.45 (1st zero)

min >0 — G = 1.06 (2nd zero)

max2 — G = 1.77 (3rd zero)

zero - G =25
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Table 2. Roots of Laguerre polynomials: L,(po/W) = 0.

Values of Ratio p/W for the Zeros

P of Intensity of LG,o Mode

1 0.707106

2 0.541195 1.306562

3 0.455946 1.071046 1.773407

The interpretation of the zeros of on-axis intensity that are shown in Figure 9 is based
on the value of the ratio ™+ defined as

+ P+

_ 0 9
1 Py )

where P represents the optical power carried by the positive part of 7 (p) % E;,(p), and
Pyot is the total power of the LGyo beam. It has been shown [30] that the on-axis intensity
distribution 1;(0,z = f1) is an optical bottle beam when 7 is in the range 67% to 74%.

It remains to be seen that depending upon the particular values of parameter G given
above, the on-axis intensity profile is an OBB or a single-lobed beam profile. So as not
to make the discussion too lengthy, we will focus on the LG3 case for the four values of
parameter G: 0.45; 1.06; 1.77; 2.5. The results are shown in Figure 10.

5.0
1 LG,,

4.5
— 1 G=1.9
v 40
° 3.5
> : G=1.77
= 3.0
c ! (3rd zero)
O 2.5
k= 1 G=1.07
8 2'0_ (2nd zero)
®n 154
© 1 G=0.45
g 10 0
= : (1st zero)
S 05-
= G=2.5

0.0+ -

T T T T T T T T 1

— 1 — 1
-100 -80 -60 -40 -20 0 20 40 60 80 100
r (um)

Figure 10. Focused intensity radial distribution in plane z = f; of a LG3g beam diffracted through a
circular m-plate having a normalised radius G = Rp;/W.

For the sake of completeness, it is necessary to examine the longitudinal distribution
of the on-axis intensity for the different values of parameter G used in Figure 9. The results
are shown in Figure 11, and effectively it is confirmed that for G = 2.5 we achieve an OBB
centred on plane z = f, and a main axial peak surrounded by bounces for the other values
of G.

Having set out the different range of values for the CPP radius, the next step is to
verify if the CPP is able to improve the tweezers’ performances by calculating the variations
in Zy versus the CPP radius. The results are shown in Figure 12, and the following should
be recognised:

(i) Forp=0,itis seen that the performance of the tweezers is reduced since Z; < 1 while
it is boosted to about 2.5 for G = 0.9, for which the focused Gaussian beam is an
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(i)

On-axis intensity (a.u.)

optical bottle beam, as seen above, well adapted for trapping particles with lower
refractive indexes than the surrounding medium.

For p > 1, it is seen that Z; can reach a value in the range of 2.5 to 3.2 for particular
values of ratio G = Rp;/W. By taking into account the plots in Figure 9, the improved
values of Zj, can correspond to the situation of a single-lobed beam or of an OBB
depending on the value of ratio G = Rp;/W. Consequently, it is necessary to envisage
a possible adjusting of parameter G. This cannot be reasonably achieved by varying
Rpr because the device is obtained from the etching of a piece of glass. Reasonably,
we have to envisage the variation in parameter W for adjusting the value of the
ratio G = Rp;/W for a given CPP as shown in Figure 13. Note that, by a simple
longitudinal displacement, the CPP could allow to move from single-lobed-tweezers
to OBB-tweezers while keeping, for instance, a Gaussian illumination.

8000 LG30 " G=2.5 (Y=074)

] G=1.9 (Y=0.56)
7000 - f\ G=1.77 (Y=0.52)

1 G=1.07 (Y=0.32)
6000+ G=0.45 (Y=0.13)
5000, G=INF
4000
3000+
2000 -
1000

0
46 48 50 52 54
Zz (mm)

Figure 11. On-axis intensity of a LG3o beam diffracted through a circular n-plate having a normalised

radius Y = Rp;/pg and focused by a lens of focal length f; = 50 mm. The case without CPP is
indicated by G = INE.

—=— % (p=0)
—— % (p=1)
—*— % (p=2)
\ —— % (p=3)

~S-m-pg_p \.\. A\L

\.‘l~._._._.:=:.=i;§

00 05 10 15 20 25 30 35 40
G=R_/W

Figure 12. Variations in the longitudinal figure of merit Z; versus G = Rp;/W, the normalised radius
of the circular m-plate (CPP).
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Figure 13. Set-up allowing for adjusting the parameter G = Rp;/W for a given circular m-plate.

Unlike the case of the incident laser beam subject to a pure spherical aberration giving
rise to a focal shift shown in Figure 4, it is observed that the position of the best focus moves
very little when parameter G = Rp;/W is varied. This means that the CPP should not in any
case be treated as a pure spherical aberration but rather as a mixing of different high-order
spherical aberrations much more difficult to foresee the resulting effects. However, the
original intention of this paper was the use of a CPP as a complex mixing of different orders
of spherical aberrations for obtaining an improvement in the longitudinal figure of merit
Z; as what was observed with a pure primary spherical aberration [3] and summarised
in Figure 2. Given the results shown in Figure 12, one might conclude that the circular
m-plate (CPP) giving rise to a discontinuous phase profile ¢(p) is able to improve the
longitudinal stability of the optical trap shown in Figures 1 and 13. The value of Z;, which
is of about 2.2 to 3.2, is a significant improvement compared to recent results obtained by
LGy rectification [4], spherical aberration [3] and nonlinear focusing [5,6]. During the last
several years, the researchers took the challenge to operate the optical tweezers with non-
Gaussian beams or more precisely with structured laser light [31-38]. The use of high-order
radial Laguerre-Gauss modes has many advantages as discussed recently [31], but the
majority of commercial lasers deliver a Gaussian beam. Consequently, the improvement in
optical tweezers by using high-order modes requires the implementation of a homemade
laser with an efficient control of the oscillating transverse mode [39-45].

4. Conclusions

The simplest optical tweezers are designed mainly by focusing a Gaussian laser beam.
The trapping of a dielectric particle of nanometric size in the Rayleigh regime involves
two longitudinal forces: a gradient force Fgy,q proportional to the longitudinal gradient of
the on-axis intensity, and a scattering force Fscat proportional to the longitudinal intensity
distribution. The longitudinal stability (LS) of the trap depends on the ratio Fgraq/Fscat
which increases when the focused beam waist size is reduced. This can be achieved
by reducing the focal length f; of the focusing device which is in general a microscope
objective. However, the focal length f; cannot obviously be reduced indefinitely, and
consequently improving the tweezers efficiency requires an alternative strategy. One can
quote, without wanting to be exhaustive, three techniques recently proposed. The first one
is based on the use of a rectified high-order radial LG, Laguerre-Gaussian beam instead of
the usual Gaussian beam for illuminating the optical tweezers [4]. The second one involves
the use of a complementary nonlinear-focusing based on the Kerr effect taking place in a
thin layer of organic dye [5,6]. The third one involves a structuring of the incident LGy
beam by a pure primary spherical aberration [3].

In the present paper, the improvement in the tweezers’ longitudinal stability is based
on the production of a steeper gradient of the longitudinal intensity distribution near
the best focus point. This is achieved by setting on the path of the incident LG,o beam
a particular phase aberration profile (PAP) allowing to increase the ratio Fgraq/Fscat, and
consequently to improve the longitudinal stability of the trap without changing the focal
length of the focusing device nor the incident beam power. We have proposed for realising
the PAP the use of a simple binary diffractive optical element referred to as circular 7-plate
(CPP) able to generate positive or negative spherical aberrations [20] depending on its
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diameter. The longitudinal stability of tweezers illuminated by LGy beams (p > 1) is
multiplied by a factor varying from 2.2 to 3.2, provided that the incident beam passes
through a circular m-plate (CPP) having the adequate size. When the incident beam is a
Gaussian beam (p = 0) the longitudinal stability is multiplied by a factor equal to 2.7, but in
this case, we are dealing with an OBB trap. It is found that the “single-lobbed-trap” regime
is not improved by the presence of the CPP for p = 0.
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Appendix A. The Basics of Optical Tweezers

Optical tweezers are today an indispensable tool for manipulating non-invasively
small particles. The initial work on the subject began in the 1970s by the pioneer Arthur
Ashkin and remains a major challenge of intensive research. In this paper we consider the
trapping of a spherical dielectric particle of radius 2 much smaller than the laser wavelength
(a << A). In this context, the trapped particle is treated as a point-induced electric dipole
interacting with the electromagnetic field associated with the focused laser beam. The
theory of optical tweezers is described in detail in [8-13], and the essential elements are
briefly recalled below. The experimental setup allowing the implementation of usual optical
tweezers involves a Gaussian laser beam and a focusing lens as shown in Figure A1.

y/i
4

Collimated Gaussian

beam of width W b/ |

Figure Al. Optical trap set-up showing the scattering and gradient longitudinal forces. The focusing
lens has a focal length f; . The yellow sphere represents the trapped particle.
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The trapping of the small dielectric particle involves two longitudinal forces as shown
—
in Figure Al. The first one is a gradient force F 4,y proportional to the longitudinal gradient

—
of the distribution of intensity. The second one is the scattering force F . proportional to
the longitudinal distribution of intensity. These two forces are given by

- drad (m?—1]2

Foraa = 0 {mz—i—Z} V:l4(r,2) (A1)
- 1287 1,,a® [m? — 1 2 A
Focat = e {mz T 2] Id(r,z)z (A2)

where m = n, /ny, is the ratio of the refractive index of the particle 7, and the surrounding
medium n,,. The quantity I;(r,z) is the intensity distribution beyond the focusing lens,

5
where 7 is the radial coordinate in plane z. In Equation (A1), the gradient (V) operator has
longitudinal and radial components giving rise to a longitudinal gradient force and a radial

— —
gradient force. Note that in Figure A1 the two forces are noted (F ;441 and Fepe—1) in
— —
the region z < f;, and noted (F grad—2 and Fct—2) in the region z > f7. In the next study;,
—
we will focus exclusively on the longitudinal components (r = 0) of the two forces F ¢

5
and F grad- When the incident laser beam is Gaussian, the on-axis intensity distribution
Id (0,z) is symmetnc w1th respect to the plane z = f;. Consequently, in this case we have

Fscat 1= Fscat 2 and Fgmd 2= 7Pgrad71
As shown in Figure A1, beyond the focal plane z = f; the scattering force pushes

the particle along the direction £ of propagation of the laser beam while the gradient force
pushes in the opposite direction. The condition that must be met in order to trap the particle
—

is to fulfil the inequality ‘Fgmd72‘ > ‘Fscat72 |, where Fgmd (Fscat) is the projection of Fgmd

-
Fscat) on the 2 direction. The ratio F,, .4/ Fscat €xpresses as follows
grad P

qud KZV {Id(i’ Z)}

A3

Fscat Id(r Z) ( )
374 m? +2

With K = A4

it 324y, ad [mZ - 1} (Ad)

The objective is to set a phase aberration profile (PAP) on the path of the incident
beam (Figure 1) allowing to achieve a restructuring of the laser beam for improving the
performances of the trap, i.e., increasing the ratio Fg,44/ Fscat for a given optical power. For
that, we define dimensionless factors characterising the longitudinal forces improvement.
For convenience, in the next we will express the stability of the optical trap by a relevant
quantity noted R which is proportional to the ratio of the backward axial gradient and the
forward scattering forces [4]

k2. [32(1,1(0,2))}

R =
Iy (0/ Zmin)

min (AS)

Zmin 18 the longitudinal position where the ratio Fg, 44/ (KFscqt) is minimum, as shown

in Figure A2 for the case of a pure Gaussian beam. The position z, has to be viewed as a

turning point where the gradient force can overcome the scattering force giving rise to an

equilibrium for the trapped particle. For a Gaussian illuminating, the axial position zy;, is
given by [46]

Zmin = ZR/\/g (A6)
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where zg = (TW3/A) = (Af?)/(nW?) is the Rayleigh distance of the focused Gaussian
beam; W, is the beam-waist size of the focused beam.

2.0-
1.5-
1.0
054
0.0 oo oo N

-0.51

/IKF_] (a.u)

-1.0 1

grad

F

-1.51

l (z-f,) (um)

-2.0 i T T T T T T 1
/ 100 200 300 400

T T T T 1 T
-400 -300 -200 -100

Noq--------z=

min
Figure A2. Longitudinal variations in the normalised ratio Fgrtzd / (KFscat ).

Parameter R represents a kind of stability efficiency whose value is important for
the operation of the optical trap and can be controlled by the geometry of the laser beam
focusing. This point is relevant but is not central in our study since we are rather interested
to improve the value of parameter R thanks to the presence of a phase aberration profile
(PAP) set on the path of the incident laser beam. In order to have a simple indicator allowing
to estimate if the PAP presence (with PAP) improves or does not improves the trap stability
compared to the case without the PAP (without PAP), it is convenient to have recourse to a
dimensionless quantity noted Z; and defined as follows:

7, = [R]with PP (A7)
[R]without PAP

The longitudinal stability of the trap is observed when the gradient force overcomes
the scattering force, thus bringing back the particle pushed by the scattering force, so that
the particle is trapped. The longitudinal stability of the trap is enhanced (reduced) if the
dimensionless factor Zj is greater (smaller) than unity.

Appendix B. The Aberration Coefficients of the Circular Phase Plate

The incident collimated LGy beam passing through the circular phase plate (CPP)
defined by Equation (8) will have its wavefront distorted and will show a phase discontinu-
ity. Consequently, since the wavefront is degraded, one can conclude that the CPP induces
optical aberration which can be determined in the framework of Zernike polynomials [20].
It may be useful to recall here succinctly the main lines of the aberration coefficients deter-
mination. Before proceeding, strictly speaking, the aberrations coefficients should depend
on the intensity profile of the incident LG, as shown in [24], making the findings difficult
to interpret. We instead preferred to describe the incident beam in terms of plane waves
limited by a circular pupil of radius pg given by Table 1. This incident plane wave has a
spatial phase term (after the CPP) given by exp[ikS(p)], where p is the radial coordinate,
and p = p/py. Following the lines of [24], the wavefront aberration function (WAF) S(p) is
expanded as a linear combination of Zernike polynomials, Z;, as follows:
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5(p) = ;ajzj(m (A8)

where the index j is a polynomial-ordering number, and 4; are the expansion or aberration
coefficients. Table A1 gives the Zernike polynomials (ZP) [19].

Table A1l. Zernike polynomials allowing to calculate the aberration coefficients a1, a4, a11, a22 and azy.

J Z Type of aberration
4 V3(20% - 1) Defocus

11 V5(6p* — 6p2 +1) Primary spherical
22 V7(20p° — 30p* + 12 — 1) Secondary spherical
37 3(70p® — 140p° + 90p* — 20p* + 1) Tertiary spherical

Taking into account Equation (8) defining the CPP, Figure A3 gives the radial variations
in the WAF.

kS/n 1

Rm Po

Figure A3. Transverse profile of the wave front aberration function of the wave passing through the
circular phase plate.

The aberration coefficients 4; are given by the integral which can be found in [20,25]:

1
0 =2 [ 5(@)2;(p)pdp (A9)
0
For convenience, we use the dimensionless coefficients A; = a;/A. By taking into
account the variations in the WFA given in Figure A3, we finally obtain the normalised
aberration coefficients as follows:
1 EPI
1= 5= [ Z(@pdp (10)
0

A

The variations in coefficients A; versus the normalised CPP radius Rp; = Rpy/pp are
shown in Figure A4.
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0_20_- A, defocusing
{1 A, primary SA

0.154 A,,: secondary SA
1 A, tertiary SA

0.10 1

A 1
}0.054
0.00 1
-0.05 4
-0.10 4

M T M T M 1 T I T 1
0.0 0.2 04 0.6 0.8 1.0
Ra/p,

Figure A4. Variations in the normalised aberration coefficients A]- of a circular —plate (CPP) versus
Rpy, its radius. Note that pg is the radius of the unit circle (see Table 1) which depends on p, the
mode order of the LGy incident beam. Note that the plots are unchanged when the mode order p is
changed.
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