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Abstract

Counter-propagating coherent beams produce fringes, with intensity
proportional to cos? kz in the plane wave case. A scatterer placed in the
fringing field experiences a force, except when centred on an intensity
maximum or minimum. We show that, for displacement b from an intensity
maximum, the force is sin 2kb times a force factor. The force factor is
independent of b, and depends on the interaction of the spherical scatterer
with a (unidirectional) plane wave. This result is universal for spherical
scatterers, and holds in both the quantum particle and electromagnetic cases.
For a given type of scatterer, the force factor depends on the ratio of scatterer
size to wavelength in an oscillatory way, so for different radius/wavelength
values the scatterer may be in stable equilibrium at intensity maxima or at

intensity minima, or may even not feel a force at all.
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(Some figures in this article are in colour only in the electronic version)

1. Introduction

The motivation for this study comes from the experiments
of Mellor and Bain [1] on micron-sized dielectric spheres
trapped in the evanescent field of coherent counter-
propagating electromagnetic waves. Potential applications are
manipulation of sphere arrays, creation of tunable diffraction
gratings, micron-sized particle conveyor-belts, and the study
of two-dimensional colloidal crystals. Earlier works with such
particles in evanescent fields had the radiation propagating in
one direction only [2—4]. One might think at first that there
should be no force along the direction or propagation when
two equal beams (evanescent or not) oppose each other. This
is not so: the two beams, being coherent, produce interference
fringes, and the net transfer of momentum from fields to
particle is not zero in general, unless the (spherical) particle
happens to be at an interference maximum or minimum. We
shall show that, in both the quantum scalar case and the vector
electromagnetic case, the force on a spherical particle has the
form

f(k,s,b) = F(k,s)sin2kb @)

where k = 2 /), s denotes parameters characterizing the
interaction of the beams with the scatterer (such as its radius),
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and b is the distance between the scatterer centre and a
constructive interference maximum. The result (1) may
equivalently be written as

Uk, s,b) = —k ' F(k,s) cos® kb;

@)
i.e. an effective potential proportional to cos” kb quantifies the
interaction of the sphere with the coherent counter-propagating
beams. (The signin (2) is in accord with our choice of moving
the fringes, and keeping the scatterer fixed at the origin.)

We shall derive expressions for the force factor in both the
scalar (Schrodinger) and vector (Maxwell) cases, in sections 3
and 6, respectively. In both cases the force factor is given
in terms of parameters characterizing the interaction of the
scatterer with a plane wave. These are respectively the partial
wave phase shifts §,, and the Mie-Debye coefficients a,, b,. To
introduce the notation and method, we begin with a calculation
of the force on a scatterer in a unidirectional quantum beam.

Fik,s, by = Y
o 7s7 - ab’

2. Force on a scatterer in a particle beam

Let the interaction potential between the scatterer and the
particles forming the beam be V(r) (we assume a central
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interaction, with the scatterer fixed at the origin). The
Schrodinger equation for a monoenergetic beam of particles
of mass m and energy e = h%k*/2m,

s o 2mV

is solved, outside the range of V, by

o0
Y(r,0) =Y 2+ 1)i‘e™[cos & jo(kr)

=0

— sindyng(kr)]Py(cos6). )

(Standard notation for phase shifts §,, spherical Bessel
functions j, and n,, and Legendre polynomials Py is being
used: see for example [5] (section 19).) The form of (4) is
determined by the requirement that for large kr the wave should
consist of the incident plane e* plus a spherically diverging
scattered wave r~'e” (), where f(@) is the scattering
amplitude. From (4) and the asymptotic forms of the spherical
Bessel functions one finds

00
fO) =k Z(ze + 1)e'® sin 8, Py (cos 0). 5)
=0
The phase shifts §, of the partial waves are determined
by solving Schriodinger’s equation inside the scatterer, and
matching with (4) which holds outside the scatterer. For
example, an impenetrable sphere of radius a has ¢ = 0 for
r < a, which gives

jeka)
©7 neka)’
To find the force exerted by a single beam (represented

by the plane wave e'?) on a scatterer, one calculates the
momentum transfer cross-section

tan § (6)

b
o= Zn/ do sinf(1 — cos@)|f(49)|2. 7
0
With the use of (we write C for cos )

1
dCP, Py —
/_1 CPACIPAC) = 5~

)

200+ 1)

_ e+ H 8
(2 + 1)(2€ +3) Se.ex ®

1
/ dC CP(C)Py(C) =
-1

20
+ —6[/[7]
20— 1)2C+ 1)
one finds [6]

A7 & .
0 =5 D W+ Dsin*(Gr — ). ®)
=0

The z-component of the momentum of a particle within the
beam, when scattered through angle 6, changes from ik, = hk
to 1k, = hk cos 6, so it is decreased (in the forward direction)
by the factor 1 — cosf: hence the definition (7). The force
on the scatterer due to scattering is the rate of change of
momentum within the beam, namely

hk
force = N—ohk = 2Neo
m

(10)

where N is the particle density (number per unit volume) in the
incident beam, 71k /m is their speed, o is the effective scatterer
area for transfer of momentum, and %k is the momentum per
particle in the beam.

3. Force on a scatterer in counter-propagating
particle beams

A plane wave e'** incident on a spherical scatterer fixed at the
origin produces a scattered wave ¥ (r,0) = ¥ (r, 0) — e,
From (4) and the spherical Bessel expansion of a plane wave,

o0

e =) " 2+ i ju(kr) Py(cos 0),
=0

(1D

one finds the asymptotic form ¥ (r, 0) — r~'e!*" f(0), with
the scattering amplitude f () given in (5).

We now superpose the fields resulting from the counter-
propagating plane waves e*=? and e=*=9) which, in the
absence of the scatterer, would give the stationary (fringing)
field Yo = 2cosk(z — b). We keep the scatterer fixed at
the origin. The wave propagating in the +z direction carries
the phase factor e b g0 its contribution to the scattered wave
does also. The wave propagating in the —z direction has the
phase factor e’?, and its scattering angle is 7 — 6. Thus the
total scattered wave is

w;otal — eiikbl/fs(r, 0)_‘_eikl71//.s(r7 T _0) N r*leikrf(g) (]2)

where now the scattering amplitude f(6) results from the
coherent superposition of the two scattered waves, with their
phase factors. It is

(o]
FO) =k! Z (2€ + 1)e'® sin 8, Py (cos 8)[e T *? + (—)%e*?]
£=0
13)
where we have used P;(—C) = (—)¢ Py(C).

The force on a scatterer is not given by substituting the
new f(0) into (7): the momentum transfer along +z produced
by scattering the ¢*G=" wave through 6 is k(1 — cos6),
while the momentum transfer along +z produced by scattering
the e ¥ wave through 7 — 6 is —hk(1 — cos(wr — 0)) =
—hk(1 +cos 0), the total momentum z-component transferred
to the scatterer being —2hk cos 6. The effective momentum
transfer cross-section is thus

T
G = —471/ df sin 6 cos 0| () (14)
0
where f(6) is given by (13). We have
FOPF =2 > @+ DL +1)
7
X sin 8 sin 8y g} g¢ Py (cos 6) Py (cos 0) (15)
where _ _ _

g = elﬁg[eflkb + (_)[elkb]- (16)

The second equality in (8) reduces the double sum in & to

. 87 . .
G = =5 D (E+ Dsindesindei(gfgen +8ge). (17)
=0

Now
gige + 880 = 4(—) sin(8y — 8441)sin2kb  (18)
SO
- . 327\ & .
& = sin2kb <7> ;(e +1)(—)
X 8in &g sin 8py1 SIn(§p — S¢a1). (19)
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hard sphere, ka=2

Figure 1. Contours of |v|? for the near field of a hard sphere

(ka = 2), illuminated from the left. The upstream maximum
location follows from approximating the incident plus reflected
waves along the negative z axis as e** + re 7, with the reflection
amplitude r = —e~“, to make this total wavefunction zero at

z = —a. Thus on the negative z axis ¥ ~ 2ie % sink(z + a), with
maximum intensity at k(z + a) &~ —u /2, etc. The first maximum is
at k|z| ~ ka + /2 which is approximately 3.57 for the case
illustrated.

The force on the scatterer in the coherent counter-propagating
beams is thus given by a force factor times sin 2kb,

force = 2Neo = 2Ne A sin 2kb, (20)
where A represents an effective area (which can be negative)
for the transfer of momentum to the scatterer in the counter-
propagating beams,

327 &
A= 5 (04 1)() sind sin S sin(, — 8r). (1)
k2 =0

4. An example: force on an impenetrable sphere

Figures 1 and 2 show the value of || near a hard sphere, for
which the phase shifts are given by (6), for the unidirectional
and counter-propagating beam cases. When the scatterer is
small compared to the wavelength & = 27 /k (i.e. when ka <
1), the phase shifts decrease rapidly with £: 8, ~ (ka)>*! [5].
The leading terms, arising from 8y &~ —ka and §; ~ —(ka)3/3,
give

A

—32
~ —(ka)®.
ma? 3 (ka)

(22

This is small, and negative.
equation (2) is, from (20),

The effective potential U of

U= —k "2NeA cos® kb. (23)
Thus an impenetrable sphere with radius small compared to
the fringe spacing will have effective potential proportional
to +cos” kb, and will be in stable equilibrium at the potential
minima where cos kb = 0, i.e. at the null planes of the fringes,
as expected.

As the sphere size is increased, the position of stable
equilibrium does not remain at the position of negative
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interference, however. From (6) we have

sind, = 2, cos 8, = 2£ m? = j2+n?) (24)

ny ny

(argument ka is understood), and

2 j[j[+1

sin 5( sin 8(+| Sin(8( — 5[+1) = —(ka)_ 3 5 (25)
My
where we have used jng,1 — ngjesy = —(ka)~2. Thus, for
hard spheres,
A 32 & JeJext
=) L+ () (26)
ma? (ka)* ; mim?,,

The net force on the sphere is (for a given value of sin 2kb)
proportional to A, which is plotted in figure 3. We see that
there are alternating negative and positive regions. Up to
ka ~ 2.445 the sphere prefers to sit at planes of negative
interference, but from ka ~ 2.445 to 3.985 it prefers to be
centred at the positions of maximum intensity, and so on. At
the crossover points (ka =~ 2.445,3.985,...) there is zero
force on the sphere, everywhere.

When the sphere is large compared to the wavelength
(ka > 1) the spherical Bessel functions take their asymptotic
values

je(ka) — (ka)™' cos(ka — (£ + 1) /2)
(27
ne(ka) — (ka)~'sin(ka — (¢ + 1) /2)

up to £ of order ka, and then the j,(ka) rapidly fall to zero.
Thus, for £ < ka we have

JeJert

2,2
My,

— l(ka)z(—)“' sin 2ka (28)
2

and the effective area for the transfer of momentum in counter-
propagating beams takes the asymptotic value

32ra? 1

~ “ka)* 2

ka
(ka)* sin2ka Y _ (€ + 1) ~ 87 a® sin 2ka.
=0
(29
Thus, at fixed frequency and with sphere size increasing, the
effective sphere area oscillates with increasing amplitude. The
ratio A /ym2 oscillates, with fixed amplitude.

5. Force on a dielectric sphere in an electromagnetic
beam

The solution of a problem of scattering of electromagnetic
waves by a sphere is usually associated with the names of
Mie [7] and Debye [8]. However, as Logan [9] and Kerker [10]
point out in their historical notes, several earlier authors also
deserve credit, notably Clebsch (in 1863) and Lorenz (in 1890).
The theory is treated in several texts [11-14]. We shall follow
the notation of van de Hulst [12] with minor changes, the main
one being that the time dependence of the complex fields is
taken to be e’ instead of el’, so that the incident plane
wave is el*>=@" _for example. The key results are given in the
appendix.
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hard sphere, ka=2, b=0

(@)

hard sphere, ka=2, kb=Pi/2

Figure 2. All three figures show contours of |1/|* for an impenetrable sphere in the stationary field of two counter-propagating beams
efeb) 4 e=kG=b) = 2 cosk(z — b). The sphere size relative to the wavelength is the same as in figure 1, a = A /7. The sphere remains at the
origin; the fringes shift as b changes. In (a) b is zero, so the sphere is located at what would be a maximum intensity position in its absence.
In (b) kb = 7 /2, so the sphere sits halfway between intensity maxima. In (c) the sphere is at a position of maximum force: kb = 7 /4 and

sin 2kb is unity.

ka

Figure 3. A/ma? for a hard sphere, calculated from (26). Negative
A corresponds to a force in the direction of negative z, if

sin 2kb > 0. Thus the negative value corresponding to ka = 2
implies that the force on the sphere in figure 2(c) is to the left.

For a plane electromagnetic incident wave propagating in
the +z direction and polarized in the x direction, the transverse
components of the scattered wave are, in the far field (kr > 1),

Ey= By = %ei“’*wﬂ cos ¢ S»(0)
(30
—Ey =By = ,Lei(k““”) sin ¢S (6)
ikr
where S| and S, are sums over the usual exterior wave complex
coefficients a, and b,:

20 +1
Si=3 — " {am +bere),
1 £(£+1){a€n‘ eTe}
X 20+1 Gh
+
S, = —_— b .
> E €(€+]){aeTz+ 07Te }

The functions 77, and 7, are given by (withcos 6 = C as before)

dﬂ[
dc’

dP,
m(C) = d—‘

c 7(C) = Cmy — (1 — C?) (32)

Equivalent expressions, not containing derivatives, are

£+1
T = m(cpz — Pyi1), T =L+ 1)P; — Crmy.
(33)
Thus m, and 7, may be generated directly from Py = 1,
Py = C, and the recurrence relation
20+ 1)CPr =+ 1)Ppy +LPp_y. 34)

The time-averaged radial component of the Poynting
vector is
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1

Q(kr)z{sinzmsnz +cos” ¢| S’}

(35)

From this one obtains, operating with f r2dQ =

r2 [T dsin6 [ dg, the total scattering cross-section oy, and
(cos 6)os:

1
T
%=1 / dC(ISi? + 1821 (36)
—1

[ 2 2
(cosB)og = ﬁ/ dC C(IS1I7 + S209). 37)
-1
The integrations over 6 reduce the double sums to single sums:

one finds [8]

27 & ) )
0s=ﬁ;(2ﬁ+1){lazl +1be|7} (38)
47 SN[ L +2)
(cosO)os = 2 5=1{ T+1 Re(ajags +bjbesr)
+ 20 Retashy) (39)
e .
TS Rt
The extinction cross-section is the sum of the scattering and
absorption cross-sections, o, = 05 + 0,, and is given by
(see [12] (section 9.32))
2 o0
o = k—ZZ(2€+1)Im(ag+bg). (40)
=1

The cross-section for radiation pressure (arising from the
transfer of momentum) is o), = o, — (cos 6)os; in the case of
non-absorbing scatterers which is being considered here this
becomes

o, =[1 — (cos6)]os, 41)

i.e. it is given by the difference between (38) and (39). When
the scatterer is in a beam with N quanta per unit volume, each
of energy e and momentum e/c, and each travelling at speed
¢, the force on the scatterer is the rate of momentum transfer,
namely

force = Nco,e/c = Neo),. (42)

‘We have written this down in parallel with the derivation of (10)
for the force on a scatterer in a particle beam. The more usual
expression is in terms of the magnitude of the Poynting vector,
So. which gives the energy flux density (energy per unit area
per unit time). In terms of N and e, Sy = Nec, and so (42) is
equivalent to [8, 12, 14]

force = 0,80 /c. (43)

6. Force on a dielectric sphere in
counter-propagating beams

We now consider the momentum transfer when a dielectric
sphere is in counter-propagating electromagnetic beams,
proportional to e*@=? and e %5 respectively (adding to
2 cos k(z — b) before interaction with the scatterer). When the
wave propagating along +z scatters through angles 6 and ¢,
the wave propagating along —z has to scatter through = — 6
and —¢ to go in the same direction. The scalar functions « and
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v all have partial waves with angular dependence as follows
(see (A.4)—(A.6)):

ue(0, ) ~ —sin6 cos ¢pmy(cos ),
v (0, ¢) ~ sin O sin ¢y (cos H).

(44)

From P;(—cosf) = (—)‘P,(cos6) and (32) or (33) we see
that
(= cos0) = (=), (cos ),
(45)
(= cos ) = (=)'t (cos 0).

Thus
ug(m — 0, —¢) = (—)*u, (0, ¢),
ve(m — 0, —¢) = () (0, p).

The e'*@=») and e ~*“=») plane waves carry phase factors e
and e (8 = kb) relative to the scatterer placed at the origin.
Thus the total partial waves due to both beams have the form

(46)

[e™ + () e lur (0, ¢) = mo(B)ur(®, $)
[e™ + ()¢’ 10, ¢) = pe(B)ve(®, §).

In the case of the scattered partial waves, the scattering
coefficients are a; and b, for e** incident. For e*©=? and
e k=) incident the coefficients become a,m, and b, p,. The
transverse components of the fields in the scattered wave, when
kr > 1, take the form (30), with S} and S, replaced by

X020 +1
T, = S +b ,
| ;Z(Z+l){aémwl ePeTe}

(48)

T i 2£+1{ b |
= —aAymy T, TTyg.
2 Z e+ 0MmyTy e PeTty

The momentum transfer from the field to the scatterer per
quantum carrying momentum e/c is (—2 cos 0)e/c, in parallel
with section 3, so the momentum transfer effective ‘cross-
section’, which may again be negative, is (cf (37) and (41))

1

o=—1 dC C{ITy | +1 T2} (49)
—1
In the integral in (49) two types of term will appear:
/ldcc( . , 202(0 + 1) (£ +2)?
Ty + TTp) = ——————————————0pr
. e Q20+ )2 +3) ot
200 — D208+ 1)?
# 0 01 (50)
2¢—12e+1)
1
2 +1)
dC Crmptp = S 51
/71 Ty TG (5D

(These integrals were evaluated by Debye [8] in his
consideration of the radiation force on a dielectric sphere: they
were needed in the derivation of (39).) Thus (49) will contain
the following terms:

Pipes = —2i(—)" sin2B = pim,
(52)
mimes; = 2i(—)" sin 2.
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soft sphere, ka=3

Figure 4. Contours of ||? for the near field around an attractive
square well, when a plane wave is incident from the left. The depth
of the well is chosen to correspond to a relative refractive index

of 1.2. The sphere diameter is of the same order as the wavelength
(ka = 3,2a = 3X1/m), so ray optics does not correctly locate the
hot-spot, as noted in the text.

Let A, = wﬂ)agmg, B, =

= Z Z{(Agﬂz + Bit)(Apme + Bety)
¢ v
+ (A’Z‘L'g + Bz(ﬂg)(AyTp + B[ﬂ(/)}
= Y > {(AjAy + B By)(ryme + Tty
¢ v

+ (Angf + B;Agf + B[Az, + AgBZj)?Tg‘L’gr}.
Use of (50)—(52) gives, after some reduction,

1o . =
= —5sin2p ;(—)

L(L+2) 20+ 1
Im{ ——— +bibpe) + ———a;by ¢, (54
X mi i1 (ajaga 0+1) £(£+1)az é} (54
Note the similarity with Debye’s formula for (cos®)os,
equation (39). The net force on the dielectric sphere thus
contains the sin 2kb factor:

é(l+1)b‘p‘ Then
ITi* + | T»|?

(53)

force = 6,80/c = (ASy/c) sin 2kb (55)

where A (which can be negative) is the effective area for the
transfer of momentum to the scatterer:

16 L+
u Z( )1 { (e )(agflm +bybesr)

2€+1
']

+———a;b, ¢
e+ D
The effective potential for the sphere in the fringing field is,
from (1), (2), and (55),

(56)

AS
= — 22 cos?kb.
ke

(57)
When A is greater than zero, the preferred position for the
sphere is centred on the fringe maxima.

These results will be illustrated in section 8 for dielectric
spheres which are of similar size to the wavelength, but first
we shall look at the case of sphere size small compared to the
wavelength.

7. Long wavelength limit (Rayleigh scattering)

We consider non-absorbing spheres with real dielectric
constant &. To order (ka)® the non-zero coefficients are

2e— 2(8—1)(8—2) 5
a= 3g+2(k) 5 Geeop k@)
A(e—1 ) 6 7
- ka)® + Ok
XN 2)2( )? + O(ka) (58)
by = %(s — 1)(ka)’ + Oka)’
|
a == (288+3) (ka)® +O(ka)’.

The scattering cross-section in a unidirectional beam is
therefore, from (38),

2
o, = 2ra’ E (i:;) (ka)4+0(ka)6:|. (59)

The leading term in (cos 0)aos, given in (39), contains Re(aj a»)
and Re(ajb), both of order (ka)®. Thus we regain the well-
known result (see for example [12] (section 6.3))

8m L[ [e—1
—a
3 e+2

The force on a non-absorbing sphere in counter-
propagating beams is (ASp/c)sin2kb, where A is given
by (56). The leading term in A when ¢ is real is of order
(ka)?, namely

o, =[1—{cos0)]os=

2
) (ka)4+0(ka)6].
(60)

The force is 0, S/ c.

64

2(8 13 e+3
Ta
135

(e +2)2 26 +3

(ka)°. (61)
Nonabsorbing particles which are small compared to the
wavelength accordingly experience a force smaller by a factor
of order (ka)’ in a counter-propagating beam, compared to
the force in a unidirectional beam. The corresponding ratio in
quantum particle beams is of order (ka)?. Since A is positive
for small particles with ¢ > 1, and the effective potential in the
fringes is given by (57), we see that small dielectric spheres
will sit at fringe intensity maxima. (Small bubbles in a fluid
will be in stable equilibrium at intensity minima.)

8. Comparison of the quantum and electromagnetic
scattering in a particular case

The Mellor—Bain experiment [1] uses the evanescent wave of
an infrared Nd:YAG laser beam (A = 1064 nm in vacuum),
retro-reflected to provide the pair of counter-propagating
beams. The evanescent waves are in water, with constructive
interference fringes spaced A /2nyaer A 400 nm apart when the
angle of incidence is close to the critical angle. The spheres
are silica, with refractive index 1.60, so the relative silica/water
refractive index is 1.60/1.33 ~ 1.20. The relative dielectric
constant ¢ is the square of this. The wavelength is shorter inside
the spheres; the corresponding quantum potential is therefore
an attractive square well, with depth Vj such as to make
1+Vy/e = &, where e = hi%k?/2m is the energy of a particle in
the beam (see for example section 1-3, equation (46), of [15]).
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soft sphere in fringes ka=3, b=0

soft sphere in finges ka=3, kh=Pi/2

Figure 5. Contours of |1/ |? for a soft sphere (parameters as in figure 4) in counter-propagating beams. (a) The sphere is centred on a
constructive interference fringe maximum. (b) As for (a), but now the soft sphere is centred on an interference minimum. The force on it is
zero by symmetry, as it is in (a). (c) The spherical square well is now centred halfway between an interference maximum and an interference
minimum of the unperturbed counter-propagating beams. This is the position of maximum force. According to figure 6(a) the force is to the

left (the effective area A is negative at ka = 3).

We expect some correspondence between plots of |1/|? in
the quantum case, and of |E |2 in the electromagnetic case, for
the same value of ka, since both are built up from solutions of
the same Helmholtz equation. The sphere diameters used in
the experiment range from 0.3 to 1.0 um. The wavelength of
the evanescent waves in the water, when incidence is close
to critical, is 0.8 um. Thus ka ranges from 1.2 to 3.9,
approximately. We shall use ka = 3 (wavelength = (1r/3)
diameter) as a representative value, with ka large enough to
display the diffraction hot-spots in the near field.

Figure 4 shows |1 |2 for the near field around a square well
with depth 0.44 times the energy (to correspond to a relative
refractive index n, of 1.2), in a unidirectional beam, incident
from the left. Note that the intensity maximum (‘hot-spot’)
cannot be explained by geometric optics, which predicts a
focus (for paraxial rays) at

ny

aiZ(n,- S (62)

Im =

When the relative refractive index n, is 1.2, the distance z,,,
from the sphere centre is 3a according to (62), and ray optics
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predicts a hot-spot at kz,, = 9 in figure 4, whereas it occurs at
kz,, & 2.68, inside the sphere. The value of | |? at maximum
is 4.37 times the value of || far from the sphere, at ka = 3.
(For ka = 4 we find a maximum intensity at kz,, ~ 3.77, 6.68
times the ambient value.)

Figures 5 show the near field around the same sphere
(ka = 3), now in counter-propagating beams.  The
constructive interference fringes are centred respectively on
the sphere, symmetrically on either side of the sphere, and
halfway between these zero-force configurations. The net
force on the sphere at any position relative to the fringes is
given by (20) and (21), with the phase shifts §, appropriate
to scattering by an attractive square well, namely (see for
example [5] (equations (19.15) and (19.26)))

veje(ka) — jy(ka)
yene(ka) — ny(ka)’

_ qJi(qa)

= . 63
= e @

tan 8, =

In (63) a prime indicates a derivative with respect to the
argument, and ¢ is the wavenumber inside the well, ¢ = n;k
(n; = 1.2 in the figure). Figure 6(a) shows A/sz, where A
is the effective area in the force expression (20).
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(@)

Figure 6. (a) A/ma” for an attractive square well, Vy/e = 0.44
(refractive index 1.20 relative to the ambient medium), versus ka.
(b) A/ma? for a dielectric sphere of relative refractive index 1.20.

In figure 6(b) we show A/ma? for the dielectric sphere,
for which A is given by (56) and the force is given by (55).
The curves for the quantum and electromagnetic cases are
qualitatively similar in the location of their leading zeros; the
first three occur at ka ~ 2.38 and 2.87, 3.52 and 4.16, 4.60
and 5.33, respectively. However, it is clear that one cannot
rely on the scalar theory for quantitative prediction of the
electromagnetic force.

Finally, figures 7 and 8 give the distribution of the
magnitude of the electric energy density, proportional to |E|?,
for a dielectric sphere (ka = 3,n, = 1.2), respectively in
a unidirectional beam, and centred on a fringe maximum, a
fringe minimum, and at the position of maximum force. The
incident plane electromagnetic waves are polarized in the x
direction. There is accordingly an azimuthal dependence in
the electric and magnetic fields, but the variation of | E|?> with
azimuthal angle ¢ is not strong: in figure 7 we show two plots,
one at ¢ = 0 in the y = 0 plane and one at ¢ = /2 in the
x = 0 plane. The figures relating to fringes are all drawn for
the y = O plane, i.e. in the plane of polarization.

9. Radiation force on a dielectric sphere in a liquid

Our result (55) for the force on a dielectric sphere applies to
a sphere in vacuum. Its physical basis is Newton’s law: force
equals the rate of change of momentum. We calculated the
rate at which the electromagnetic momentum is being changed
by scattering off the sphere, assuming that the momentum of a
quantum of energy e is e/c, or equivalently that the momentum
density of the field is the energy flux density (Poynting vector)
divided by ¢2. (It has been shown that localized wavepackets
obeying Maxwell’s equations always have momentum smaller
than energy/c [16], but here we have plane waves incident,
and we use the asymptotic forms of the scattered waves—that
is, highly delocalized states.)

How should our force equations be modified to apply to
the experimental case, where the dielectric spheres are in a

liquid? One aspect is clear: in calculating the electromagnetic
scattering coefficients a, and by, we should use (and have
already used, in our example of section 8) the relative refractive
index n, = ng/n,, where n and n, are the refractive indices of
the dielectric sphere and of the ambient medium (water, in the
Mellor—Bain experiment). When ng = n, the sphere becomes
optically invisible, and there is no scattering and no force; the
coefficients a, and b, all go to zero when n, — 1, linearly in
n, — 1.

But what should one put for the momentum of the light in
the liquid? There are two main contenders for the momentum
associated with a packet of energy e in a medium of refractive
index n,,

le
—- (64)

e
pa = pM:naZ

N, C

associated with Abraham and Minkowski, respectively. The
Abraham—Minkowski controversy is nearly a century old,
and still active [17-22]. The experiments of Jones and
Richards [17] established that the force on a mirror submerged
in various liquids is proportional to the refractive index of the
liquid (other factors being equal) to =1.2%. Later experiments
of Jones and Leslie [18] confirmed that ‘electromagnetic
momentum is proportional to the refractive index, to +0.05%".
Gordon [19] has noted that ‘radiation’ pressure is actually a
combination of the force exerted directly by the field within the
object and that exerted on the object by mechanical pressures
induced in the ambient medium by the field. A review of the
experimental situation to 1979 is given by Brevik [20]. The
effective momenta of photons in dielectrics are considered by
Loudon [21], who finds the ‘force enhanced by the refractive
index of the transparent medium’. We adopt the view that [22]
‘while Abraham’s expression is indeed the momentum of
the field, the measured momentum also includes the matter
contribution, and its value coincides with Minkowski’s result’.
The implication for the problem at hand is that (55) becomes

force = n,(ASy/c) sin 2kb (65)
where the effective area A of (56) is to contain coefficients a,
and b, calculated with the relative refractive index n, = ngy/n,,
with wavenumber k equal to n, times the vacuum wavenumber.

10. Discussion

We have considered the forces on spheres in counter-
propagating coherent beams. In both the quantum particle
and electromagnetic cases we found a simple form for the
force, proportional to sin2kb. (This is simpler than the
form > | A, sin2mkb demanded by the periodicity of the
interference fringes.) The force is determined by the same
phase shifts §, and vector wave coefficients a, and b, which
arise in computing the scattering cross-sections.

An interesting aspect of the results is that the multiplier A
of sin 2kb is an oscillatory function of ka, so there exist sphere
sizes (relative to the wavelength of the radiation) for which the
force on the sphere is zero, whatever its position within the
fringing field.

If the sphere radius and the refractive indices of the sphere
and ambient medium are known, no adjustable parameters
remain in the force expression. Thus the radiation forces can
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dielectric sphere, ka=3, phi=Pi/2

=0

dielectric sphere, ka=3, phi

Figure 7. Contours of |E|? for a dielectric sphere in a unidirectional beam polarized along the x direction. In (a) we show the electric energy

in this plane the radial component of E is zero, and |E|?

0);

= 0 plane (cos ¢

0). Part (b) is for the x

density in the plane y = 0 (sin ¢

is continuous at the sphere surface.

3, kb=Pi/2, phi=0

dielectric sphere in fringes, ks

=3, b=0, phi=0

dielectric sphere in fringes, ka

=0

3, kb=Pis, phi

dielectric sphere in fringes, ka

for the dielectric sphere of figure 7, centred on the position of an interference maximum of the unperturbed

Figure 8. (a) Contours of |E|?

, with the sphere centred on an

since only the tangential components of E are

counter-propagating beams. The plot is in the plane of polarization of the incident beams. (b) As for (a)

interference minimum. Note that |E|? is in general not continuous at the sphere surface

]

continuous at the surface. (c) The same dielectric sphere, at a position of maximum force. From figure 6(b) we see that A is negative at

ka = 3, so the force is to the left (the equilibrium position for this ka value is at interference minima).

immediate neighbourhood of the critical angle, since we have

be calculated exactly, and can then be used as a gauge for other
forces that act on the dielectric spheres. However, the results of

assumed the counter-propagating beams to be homogeneous

plane waves.

this paper are, in the case of evanescent waves, restricted to the
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A further complication arises when highly focused beams
are used. In this case the fringes will be of finite (and varying)
width, narrowest in the focal region. The theory of optical
tweezers for unidirectional focused beams is available [23],
and can in principle be generalized to counter-propagating
beams by using the methods developed here.
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Appendix. Scattering by a dielectric sphere

We summarize the standard results [7-14] to provide
definitions of the fields and scattering coefficients. The
notation parallels that of van de Hulst [12]. Details of proofs
are omitted.

If v satisfies the Helmholtz equation (V2 + ¢%) ¥ = 0,
so do the vectors M = V x ry, N = ¢!V x M. Also
gM = V x N. Let ¢ = nk = nw/c, n being the refractive
index. The Maxwell equations for harmonic waves with e ™!
time dependence, V x E = ikB and V x B = —ikn’E, are
satisfied by

E =M, +iN,, B =n(M, —iN,) (A.1)
when u and v satisfy (V? +q2)1// =0,and M, = V X ru, etc.

For a linearly polarized incident plane wave e'** (the time
factor e’ is omitted here and below), with E0 = Xe'*%,
B? = §ei*?, the field components along ¥, &, and ¢ are

E? = sin 6 cos gl Bro = sin @ sin el

Eg = cos 0 cos ek Bg = cos 0 sin ¢pe'¥* (A2)

Eg = — sin e BO = cos peX*.

The components of M = V x r¢y and gN = V x M,
based on a solution of (V2 + ¢%)y = 0, are

M, =0 =07 +qHryY)

1
My = 0y (rr) qNg = ;3r39(”ﬁ)

rsinf (A.3)

1
M, = ——a Ny = —8r3 .
¢ 06 (rif) qNy = 2 0:0 ()

The incident field components (A.2) are given by (A.1) with
n=1(qg = k) and

2 20+1
uy = —sin@cosd)z

.[ . k 0
2 Z(£+1)1 Jetkr)my(cos 6)

(A.4)

Vo = sin @ sin ¢ Z i jl (kr)my(cos0)

z<z+ 1)

(some properties of m,(C) = dP,(C)/dC were given in
section 5). The corresponding functions for the scattered wave

are spherically diverging waves at large kr. We write them as

= —sinf cos ¢ Zagg(g ) 1h(1)(kr)m(cose)
vg = sinf sm¢2b5£(£ )1 1h(')(kr)7r5(cose)
(A.S)
The solutions in the interior of the sphere are
sm@cos¢z *1 it jo(gr)m(cos )
=— c r
[y Z(Z ) Jelgr)me
(A.6)

v; = sin @ sin ¢ Z f jg(qr)m(cos 0).

z(z + 1)

The continuity of the tangential components of E and B at
r = a implies the continuity of rv, nru, d;(rv) and n='9, (ru).
Since derivatives of ru and rv are involved, it is convenient to

work with the functions
Se(kr) = krjo(kr), Ce(kr)

= Cy +18,.

= —krny(kr),
(A7)

Continuity of nru and n='3,(ru) gives, with x = ka, y = qa,

Se(x) +agZy(x) =ncgSe(y)

) ) » ) (A.8)
k(Sp(x) +acZy(x)) =n""qceSp(y).
Continuity of rv and 9, (rv) gives
Se(x) +beZy(x) = dySe(y)
(A.9)

k(Sy(x) +beZy(x)) = qde Sy ().

This set of equations is solved by (note that Z,(x)S,(x) —

Se(x) Z}(x) = Co(x)S)(x) — S (x)C)(x) = 1)
L Si08,() — nS@)8i ()
T Zi0S, () —nZ,x) Sy
by = _ SIS = 1SS ()
Z,(0)S:() —ane(X)Sé(y) a0
T 2SI —nZy () Sy
d, = ~!

Z,(x)Se(y) = nZex)S;(y)

When the refractive index is real (no absorption) the scattering
coefficients a, and b, can be written in terms of real phase
shifts oy and By:

where
S@x)S'(y) =nS'(x)S(y)

a; = €' sinay,

tanay, = — - - (A.11)
C(x)S"(y) —nC'(x)S(y)
by = e sin Be, where
S/(x)S —nSe(x)S,
tan By = — f(X) ¢(y) — nSe(x) z,()’). (A.12)
Cr(x)Se(y) —nCe(x)S;(y)
An alternative way of writing (A.11) and (A.12) is
t t.
=, e )
1 —itanay 1 —itan Sy
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As ka increases the coefficients a, and b, move anticlockwise
around a circle of unit diameter, centred on i/2 in the complex
plane. The coefficients a, and b, defined here are i times
the corresponding van de Hulst coefficients. This makes no
difference in the evaluation of cross-sections, or of any other
physical quantity. The advantage of the present definitions is
that all coefficients are real to lowest order in ka when the
refractive index n is real: all begin as n> — 1 times a power of
ka times a positive number (see for example (58)).
When kr is large, we see from (27) that

ikr

WO (kr) — —— (—i)! (A.14)
ikr
so the us and v, of (A.5) take the asymptotic values
0 ¢e”"2°°: 20+ 1 (cos9)
, —> —sin6 cos ¢ — ——aymy(cos
a ikr e+
_— (A.15)
1kr 20+ 1
vy —> sin @ sin ¢ik_r Z mbgﬂ[ (cos ).

=1

The far field values of the transverse components of the
scattered fields, given in (30), follow from (A.3) and (A.15)
with the use of (32).
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