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Fields and propagation characteristics in vacuum of an ultrashort tightly focused radially
polarized laser pulse
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Analytic expressions for the electric and magnetic fields of a radially polarized ultrashort and tightly focused
laser pulse, propagating in vacuum, are derived from scalar and vector potentials satisfying simple initial
conditions. It is shown that for a pulse of axial length comparable to a wavelength, only the zeroth (lowest-order)
term in a power-series expansion of the vector potential is needed. A procedure is outlined which may be used
to obtain the fields analytically, to any desired order. Most of the needed analytic work is done that would lead
to the vector potential from which the fields may be derived and the main expressions are given.
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I. INTRODUCTION

There has been arecent surge in interest in radially polarized
light, motivated mainly by emerging practical applications
[1-3]. Theoretical efforts aimed at appropriately modeling
radially polarized laser beams and laser pulses thus continue
to appear in the scientific literature [4]. Most applications
require low laser intensity and low power [5-8], but the
demand for ultrahigh intensities and super powers [9], for such
applications as laser acceleration of particles, is also gaining
momentum [10-13]. Two special features of laser pulses of the
radially polarized variety make them most suitable for specific
applications. It has been experimentally demonstrated [14,15]
that such pulses may be focused to smaller spot sizes than
their linearly polarized counterparts. Radially polarized light
has two electric field components, one axial (oscillating along
the propagation direction) and one radial (oscillating towards
and away from the focus). The radial component vanishes at
all axial points, which qualifies it to play a confining role for
particles on the beam’s direction of propagation, while the
other component works to efficiently accelerate the particle
axially [16].

Earlier theoretical efforts to model the fields of ultrashort
and tightly focused laser light have been based on the so-
called Lax series [17,18] and complex-source-point methods
[19-22]. Both approaches, however, have their limitations. For
example, validity of the Lax series approach is in doubt when
used to model the fields of a pulse for which the diffraction
angle, defined as € = A/wy, approaches unity. In the definition
of ¢,A is the laser wavelength and wy is the waist radius at
focus.

The aim of this paper is to present a systematic derivation
of analytic expressions for the electric and magnetic fields
of an ultrashort and tightly focused laser pulse, which takes
into account explicitly the axial extension of the pulse profile.
The approach benefits from one that was advanced twenty
years ago by Esarey er al. [23] for a linearly polarized
pulse, with an important point of departure, namely, the
use of vector and scalar potentials instead of just a vector
potential. Introduction of the scalar potential results in the
fields developing, automatically, axial components in addition
to the transverse ones [24]. This method has also been
implemented in our recent work [25]. The scalar and vector
potentials, linked by the Lorenz gauge condition, satisfy two
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mathematically similar wave equations which are entirely
equivalent to the full set of Maxwell equations in vacuum [26].
A Fourier transform method will be employed to arrive, fully
analytically, at the sought vector potential. At some point in the
analytic work, a power-series expansion will be used, which
renders term-by-term evaluation of the complicated integrals
possible.

In Sec. II, solution to the vector potential wave equation
will be briefly outlined. This is followed in Sec. III by a simple
textbook model for the axial focusing of the pulse. The Fourier
transform of the square function axial profile leads to a simple
definition for the axial pulse extension, to be loosely referred
to, henceforth, as the initial pulse length. The general analytic
work will be presented in Secs. IV and V. Expressions for
the leading terms of the electric and magnetic fields, E and
B, respectively, will be derived in Sec. VI and their main
propagation characteristics will be discussed. Our conclusions
will be presented in Sec. VIL.

II. SOLUTION TO THE WAVE EQUATION

The wave equations satisfied by the scalar and vector
potentials follow from the sourceless Maxwell equations, and
their solutions are linked by the Lorenz gauge. Starting with a
linearly polarized vector potential, say A, (x,y,z,t), similar
dependence upon the space-time coordinates of the scalar
potential ®(x,y,z,7) will be assumed [24]. The wave equation
satisfied by the associated scalar potential is identical to that
satisfied by the only component of the vector potential. It
suffices, therefore, to develop a solution for A, and then use
the gauge condition to determine ®.

To that end, a change of variables from a set based on the
cartesian (x,y,z) is carried out first to the set (p0,¢,n), where
p = +/x2 4+ y2/wy with wy being the waist radius at focus of
the pulse, ¢ = z — ct, and n = (z + ct)/2. For a point within
the pulse, moving at the speed of light, the coordinate n = ct
gives the position of the point at any time relative to the origin
of coordinates. On the other hand, ¢ = 0 for such a point,
which qualifies ¢ for serving as a coordinate relative to the
moving centroid of the pulse. In terms of the new variables,
the wave equation for the vector potential reads

Lo, +2 2 87 A=0 (1)
—_—— ) — w = U.
pap”ap T " amac
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Solution to the wave equation of the vector potential, which
leads to the radially polarized fields, starts with the ansatz [17]

A = Zaga(p,¢,n)e™ ™, )

where a is a constant complex amplitude and k is some central
wave number, which corresponds to a central frequency wy =
cko. Note that A is polarized axially, i.e., along the propagation
direction, which we take as the z axis of a Cartesian coordinate
system. Substitution of Eq. (2) into Eq. (1) gives an equation
for a(p,¢,n). Then employing the Fourier transform

1 0 )
alp.em = —= / a(p.kom)e dk 3)

will turn that equation into

( Lo, 2 + 4i 0 ) 0 4
— S P 1LZrk 7 |Gk =
pop 3p an
for the Fourier components a;. In Eq. (4) the quantity z,4 =
(k + ko)w} /2.

Equation (4) admits the following exact solution, which
may readily be verified by direct substitution:

} wo=—— ()

Zrk

V3 I
a(p-k.m) = 1+ ioy CXP|: 1 +iog
in which f; is an appropriate function of k. With the focus
of the pulse taken initially (at + = 0) at the origin of the
Cartesian coordinate system, its initial position willbe at n = 0
in the new system. From Eq. (5) follows that a;(p,k,0) =
fi exp(—p?), and Fourier transform of f;, to be denoted below
by f(¢), will then serve as an initial axial profile for the pulse
emitted at t+ = 0. Effectively, a plausible choice for f; will
yield an appropriate initial axial profile f(¢).

III. INITIAL AXIAL PULSE ENVELOPE

Suppose the initial pulse (at + = 0) has a narrow band of
wave numbers of width Ak centered at some value k(. This
corresponds to the pulse having a frequency bandwidth of
Aw = cAk, centered about the frequency wy = ckg. These
features can be exhibited, in a most straightforward way, by
the following profile in k space:

vers _ < Ak
sz{ Zr k) < ©

0, elsewhere.

Graphically this is a square function of height ~/27/ Ak and
width Ak. This model will prove to be quite useful in arriving at
explicitly analytic field expressions. The corresponding spatial
profile (in ¢) may be obtained as the Fourier transform:

ike kot sm(;Ak/2)

1€)== [ sietar = TELR )
Since ¢ =z, at + =0, it is plausible to take, as the initial
pulse length, the quantity L = Az = A{. Note that f(¢) has
zeros at {Ak/2 = £Nn,N = 1,2, .... This suggests that an
appropriate choice for the axial length of the pulse may be
L = A¢ ~ 2w/ Ak, which is roughly analogous to the full
width at half-maximum of a Gaussian profile. For f; to
represent an ultrashort pulse, Ak must be large enough, as
will be demonstrated in the examples of Secs. V and VI below.
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IV. THE VECTOR POTENTIAL

The vector potential amplitude a(p,,n) may now be
synthesized from the Fourier components a;(p,k,n) according
to Eq. (3). In effect, one needs to evaluate

2
a(p.&.m) = \/ﬂ/ 1 +lO(k P |:_1 —Il—)ioeki|elk{dk’
1 ko+Ak/2 e
= ks Yre'* dk, ()
where
1 0>
Vi = 1+ iy eXp|:_l+ioek:|' ©)

The remaining integrations in Eq. (8) can be very difficult
to carry out analytically, so resorting to some well-known
textbook transformations is inevitable. In brief, v will be
viewed as a function of the combination k + ko = k’ and then
power series expanded about the central wave number k.
Formally, this is done along the following lines:

o0
0"y (k" — ko)™
Vi = p ,
mz:;) oK™ |,y m!
_ Z‘ﬁ(m) Yoy = 0" Y (10)
ml akm
m=0
Now, using Egs. (8)—(10) in Eq. (2) gives
ik, O (m) ko+Ak/2 )
Ap,t,n) = 2 Yo (p-1) kme™dk. (11)
Ak 0 m! ko—Ak/2

The remaining integrations may be carried out one order at
a time. For example, the zeroth-order fields may be obtained
from the vector potential which follows from evaluation of the
integral corresponding to m = 0, the first-order fields from the
integral which involves terms up to the one labeled by m = 1,
and so on. On the other hand, coefficients of the various powers
of k in the power-series expansion (10) can, in principle, be
evaluated to any desired order. Following are the first four such

coefficients:
2
P  _ 1 ©
—|; , (12
P ] Vo ko|: :|1/[ (12

@ _ e[ 201+ p%) n PP +0") ,0_4 O (13
O TR p2 P3 p4]r0”

1
= Lo

@ _ ia[3Q+4p> +pY) (18 + 1297 + p%)
R p3 P4
+M _ '0_6] ©) (14)
P po |0
In Egs. (12)—(14)
1
P=l+4ia, a=-, z = Skow. (15)

or

Recall that z, is the depth of focus, otherwise known as the
Rayleigh length, of the corresponding Gaussian beam. Up to
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order n, Eq. (11) may now be written as

ikee M (m)
A e ==Y Hs, (16)
Ak — m!
in which
ko+Ak/2 '
Spu(0) = / k"e*¢ dk. (17)
ko—Ak/2
These integrals can readily be carried out, to give
S 2etkot . {Ak (18)
= sin | — |,
0 c >
AN 9" S,
S = (—i) Wf’ (19)

With these equations at our disposal, analytic expressions
can now, in principle, be obtained for the vector potential
of the ultrashort, tightly focused laser pulse to any desired
order. Before that is done, however, a small digression will be
made here to comment on the convergence of the series (11).
Unfortunately, convergence of this series is not manifestly
guaranteed. Introducing a dimensionless variable u by letting
k = ko + u Ak transforms Eq. (8) into

=

a = ekt Vet AP gy (20)
_1

where ¥, = Y (k = ko + uAk). Now, a series expansion of

Y, about u = 0 turns (20) into

o) m am 1
a= eiko{' Z wa 1//u /2 umei{(Ak)udu. 1)

m!  ou™ -1

m=0
With |u| < 1/2, successive terms in the series tend to decrease,
unless the derivatives of ¥, increase with increasing order.
The first few such derivatives are related to the ones given
explicitly in Egs. (12)-(14), which show that "™ /" ~
1/ ko. The issue of convergence will be alluded to further, albeit
numerically, at the end of Sec. V.

V. THE ZEROTH-ORDER VECTOR POTENTIAL

Adopting the initial axial envelope given by Eq. (7), the
zeroth-order vector potential, according to Eq. (16), may be
written as

0’ .
exp [ — 155 ] it SN Ak/2)

A =g - ,
1 +ia CAK)2
2
_ 2L s Ak) o o
Vi+a2  $Ak/2
where
© tan o+ 2kt + 22 23)
=@y —tan~ « —_—,
¢ %o ol 1+ a?
ay = Ape'?; @y = constant. (24)
Based on Eq. (22) the quantity /¥ = |A®|?, or
o o[ 20 [sinak) o
1+ o? 1+ o? LAkJ2 ’
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may be considered an appropriate measure of the zeroth-order
intensity, in which Iy = A} is to be taken as the initial peak
intensity at the pulse focus (p = ¢ = n = 0). Strictly speaking,
the peak intensity is related to the square of the electric field
amplitude Ey ~ wA,. However, we will continue referring to
| A©|2 as an intensity, following Ref. [23]. The intensity profile
is obviously a Gaussian in the transverse dimensions and
has zeros along the axial direction at points corresponding to
Ak =+£2Na,N = 1,2,3,.... As has already been pointed
out above, it makes sense to adopt L = 27/ Ak as a measure
of the initial (# = 0) axial length of the pulse. At any later time
t > 0 the axial length L(¢) ~ A¢ may be taken as the full
width at half-maximum of the instantaneous axial intensity
profile.

For the sake of better intuitive understanding, the zeroth-
order intensity profile will, henceforth, be expressed explicitly
in terms of the initial axial pulse length, L. This will cast the
zeroth-order intensity into the following form:

Iy 2,02 sin(w¢ /L) 2
1+a26"p[_1+a2][ m¢/L } 2o

The main objective of this work, namely, to appropriately
model the electric and magnetic fields of an ultrashort tightly
focused laser pulse, has not yet been accomplished. Further
insight will be gained from considering some limiting forms
of the initial pulse intensity /¥, Att =0, one has ¢ = z,n =
z/2,0 = z/(2z,) = Aoz/(2mw}), and the following mathemat-
ical limits may easily be evaluated. First,

1O —

lim 7© = [ye= 2’ 27)
z—0
clearly exhibits the Gaussian nature of the initial intensity
profile in the transverse coordinate p on the focal plane, z = 0.
Second, for a long pulse
I 202
P

1+ (z/2z,)? 1+ (z/2z,)?

the intensity falls down on the propagation axis (p = 0) to
80% of its peak value at z = £z,, to 50% at z = £2z,, and
SO on.

On the other hand, let us think of the pulse, for a moment,
as containing a fixed number of photons per unit volume. With
the intensity defined as energy crossing a unit area per unit
time, this leads to the conclusion that 7%’ is proportional to L,
which is roughly the case according to Eq. (26). Therefore,

lim 19=0 (29)

lim 79 =

L—oo

}, (28)

is quite plausible.

The mathematical limits considered so far seem to suggest
that our model should work well in representing the fields of
a long pulse, for which L > z,, as well as an ultrashort one
(L < z,). For a tightly focused pulse, behavior of the intensity
at extreme values of the waist radius at focus, wy, ought to be
considered. For example, 1 = I exp[—2r?/w}] in the focal
plane, z = 0. This quantity vanishes in the limit of wy — 0
and reduces to Iy as wy — 00.

The limits calculated above shed some light on the initial
intensity profile and demonstrate that the intensity expression
arrived at is well behaved mathematically. They are not entirely
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conclusive about the general validity of the adopted model,
or specifically in scenarios involving a pulse that is both
tightly focused and ultrashort. For further insight, we resort to
numerical calculations and include terms in the vector potential
of order up ton = 3.

In Fig. 1, intensity profiles are shown which have been
calculated at r =0 from Eq. (26) and like expressions
involving higher-order terms. The aim of this figure is twofold.
On the one hand, it highlights the need, if at all, to go
beyond the zeroth-order potential terms in modeling the
fields appropriately. On the other hand, the figure helps us
to understand what happens to the intensity as the pulse is
focused tightly (wy < Ag) and made ultrashort (L < Xp). In
Fig. 1(a), the waist radius at focus is wy = 2A¢ and the axial
pulse length is L = 2. These parameter values do not fit our
definitions of tightly focused and ultrashort. For this parameter
set, the terms in the fields above the zeroth-order term do
not modify the intensity profile in any noticeable way. In
Fig. 1(b), wy = 21, the same as in Fig. 1(a), but L = 0.6A.
A pulse with these parameters may be considered ultrashort
but not necessarily tightly focused. Here, too, there appears
to be no need to include terms in the model of order higher
than the lowest. Recall that an axially short pulse has a broad
frequency spectrum, according to the relation Ak =2n/L.
In Fig. 1(a), Ak = ko/2, whereas it is Ak = 5ko/3 in Fig.
1(b). Hence, the change in axial pulse length from Fig. 1(a) to
Fig. 1(b). Figure 1(c) displays the intensity profile of a tightly
focused pulse (wy = 0.6)) that is not necessarily ultrashort
(L = 2X). Its frequency spectrum is as broad as that of Fig.

1.0

(a) =0 \ (b)

2 05

191

0.0
1o} (o) ' ] , (d)
=05
0.0
3 0 303 0 3
z/\, z/A,

FIG. 1. (Color online) Variation of the initial (at #+ = 0) normal-
ized intensity with distance along the propagation direction, at points
on the axis of propagation (x = 0 = y) of pulses for which (a) wy =
L= Z)xo, (b) woy = 2}»0 and L = 0.6)»0, (C) Wy = 06)\0 and L = 2)\0,
and (d) wy = L = 0.61¢. Note that wy = 2A¢ and 0.6)( correspond
to the Rayleigh lengths z, ~ 12.57X1 and 1.13A, respectively. To
produce each panel of figures, fields to orders n = 0-3 have been
employed.
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1(a), which is consistent with the fact that it has the same
axial length. Inclusion, in this particular case, of every term
of order n < 3 seems to alter the intensity profile slightly, and
sometimes even drastically when terms of order n > 3 are
employed.

The intensity profile of a pulse that is both tightly focused
and ultrashort (wy = L = 0.61¢) is shown in Fig. 1(d). It is
quite remarkable that, for these parameters, inclusion of terms
in the description of the fields, beyond what may be obtained
from the zeroth-order vector potential alone, does not alter the
intensity profile appreciably. Modification to the central part of
the profile is negligibly small, while the side lobes are altered
more significantly.

In some publications [23], ultrashort is defined in terms
of the axial length as it compares with the Rayleigh length
Zr = kow(z) /2. Within this context, an ultrashort pulse is one
for which L « z,. The cases considered in Figs. 1(a)-1(d)
correspond to L/z, ~ 0.159,0.159,0.531, and 0.531, respec-
tively. All cases, for which Fig. 1 displays the intensity profile,
may thus be considered ultrashort.

Figure 2 focuses on the case considered in Fig. 1(d)
(wg = L =0.61¢,z, ~ 0.53119) at t =0 and at later times
(t =1 fs and 1 ps). The centroid of the pulse, which initially
(at + =0) is at z = 0, as depicted in Fig. 1(d), is shown to
advance to z = ¢t = 0.3A¢ and 3001, according to Figs. 2(a)
and 2(b), respectively. Note that the need to include terms
in the vector potential beyond those of n = 3 does not arise
in Fig. 2(b) before what may be considered convergence is
achieved. Calculations, whose results are not shown here, lead
to the conclusion that the convergence remains robust even
after terms of order n = 8 have been included.

208 299 300 301 302
z/\

0

FIG. 2. (Color online) Snapshots of the normalized intensity
along the propagation direction, at points on the axis of propagation
(x = 0 = y)ofpulses for whichwy = L = 0.6, takenat(a)t = 1fs
and (b) r = 1 ps. To produce each panel of figures, fields to orders
n = 0-3 have been employed.
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VI. THE ELECTRIC AND MAGNETIC FIELDS

The discussion of Fig. 1 leads to the conclusion that the
zeroth-order vector potential does model an ultrashort, tightly
focused, pulse quite well. Therefore, this section is devoted to
analytic derivation of the electric and magnetic fields to zeroth
order only. Expressions for the higher order corrections may,
in principle, be found following the program outlined here and
in Sec. IV.

The electric and magnetic fields will be obtained from the
vector and scalar potentials, via the equations [26]

0A

E:—E—VQD and B =V x A. (30)
Since the wave equations satisfied by & and A, are identical,
they must have identical formal solutions, apart from a
multiplicative constant to make the units right. Using the
ansatz (2) for the vector potential, the general structure
of the scalar potential must be the same, namely, & =
Pod(x,y,z,t) exp(iko¢). Thus, one has

= (—¢ —lcko¢> ikog
= <Ea_¢ - iCkQ)q)
Lia

< - icko> ®. 31)
a

In the last line of Eq. (31), the assertion made above that
the equations satisfied by the two potentials have identical
solutions has been used. Now, the Lorenz condition

V-A+ Lo =0 (32)
2ot
gives
o= CvoA; Reick— L2 (33)
= —(V.A) =icky— ——.
R Y
Then, the first of Eq. (30) yields
0A  ? c? 1 da
E:————VVA——V AV|I-—). G4
7 R ( ) ( ) < at) (34

With A polarized in the axial (z) direction and employing
cylindrical coordinates (r,6,z) in this equation, the electric
field will have radial and axial components, which follow

individually from
29 [0A 2 (0A\ d (1da
EE=———»_—)—-—=—)=—|—-—— (35
R or \ 9z R2\ 0z Jor \a ot

dA  ?9°A dA\ 0 (1 0a
EZ=——————— —-=). (36)

ar R 9z2 9z ) 3z \a ot
Note that the radial electric field, E,, is entirely due to
the scalar potential, the second and third terms in Eq. (34).
Similarly, the second and third terms in the axial electric field,

E,, stem from the scalar potential. The magnetic field, on the
other hand, will have only an azimuthal component, which

and
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may be obtained from

0A
By =——. (37)
or
In principle, Egs. (35)—(37) may be used to derive fully
analytic expressions for the E and B fields of the pulse to
any desired order, but with the expected rising complexity
with increasing order. Some space will next be devoted to a
discussion of the lowest-order fields, ones derived from the
zeroth-order vector potential.
Keeping only the zeroth-order term in the vector potential,
expressions may be found for the lowest-order terms in the
fields. After some elaborate algebra, one gets

EO _ Ey pe ?'/P o (FeQy  ic2Qy
" kowo P? w¢/L|| R 2z PR?
E 1 2nfec ic? T
xsm|{— )|+ —|—=———=—=|cos| — s
L L|R 2z PR? L
(38)
EO — Eope PP Qlike 0+ cQs  *030s
: 2k0 P m¢/L R R?
2 2
X sin (nL_{) + Tn[l — % + CRQ25:| cos (%)},
(39)
B(O) 2By pe 1T et sin T (40)
kowy P2 w¢/L L)

The superscript (0) is added to emphasize that it is the zeroth-
order fields that are considered here. The remaining terms in
Egs. (38)—-(40) have the following definitions:

c 2w e
Ey = ckoayg; R = 3 0+ T cot Ak 41)
2 i(P—p?)
— 4ikg— ~ + — 7,
01 iko : + P2
. 2 iQ2P —p?)
0> = 4iko — T P (42)
2 i(P—p?)
= dikg— = — —1~
Q3 = 4iko z P2
7'[2 2Q3
= 8kj —
Q4 ot 77 Tt c
_4ko(P = p*) | 2P? —4Pp’ + p*
z P? 2z2pP4 ’
1 P-20* n* ,(m¢
o=mt e () @

Note that the radial electric field, Eﬁo), and the azimuthal
magnetic field, B(g ), vanish identically on the propagation axis
(o = 0). On the other hand, the axial component, E O s quite
strong along the propagation axis, giving the fields the well-
known pencil-like focus. These results are quite important for
some applications, including particle laser acceleration [27]
and material processing [1].
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t=11
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= 0.010
0.02 =
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FIG. 3. (Color online) Density plots in the focal plane (z =
0) perpendicular to the propagation direction, of the normalized
intensities. The panel on the left is for # = 0 and that on the right
is for t+ = 1 fs. The plots are for a pulse with wy = 0.6A9 = L.

To further highlight the main characteristics of the radially
polarized fields of an ultrashort and tightly focused laser pulse,
density plots of the scaled intensities |EX?/Eo|*,|EL /Eo|?,

and |cBé0)/E0|2 in the focal plane (z = 0) are shown in Fig. 3.
Plots of the initial intensities (at + = 0) are displayed in Figs.
3(a)-3(c) and at r = 1 fs in Figs. 3(d)-3(f). First, note that the
axial symmetry of the fields, and the vanishing of E and
cBéO) at points along the propagation axis, are reflected clearly
in the density plots. Signature of the pencil-like focus is also
reflected in the shape of the |E{?)/ Eo|* density plots, in that it
peaks at the center (x = y = 0).

Not clearly exhibited in Fig. 3 are the relative strengths of
the various fields. To bring that out, three-dimensional (3D)
surface plots of the scaled intensities are shown in Fig. 4,
employing the parameter set used in Fig. 3. As expected for a
radially polarized pulse, the axial field strength E, is stronger
than that of the radial component E,. Recall that Figs. 3 and
4 are snapshots at the time instants ¢ = 0 and 1 fs. The initial
fields produce global intensity maxima at t+ = 0. Subsequent
evolution results in intensity profiles of lower height due to the
oscillatory nature of the fields and the inevitable diffraction
effects.

A minor issue related to the propagation characteristics of
the pulse will finally be addressed here. Snapshots displaying
the (spatial) variations (with the propagation distance, z) of
the normalized intensity profile | E(’’/ Ey|? are shown in Fig. 5.
Decrease in the maximum intensity is due to the diffraction

PHYSICAL REVIEW A 92, 053836 (2015)

t=11f

|20
B

|20
5 0.06

FIG. 4. (Color online) Variations in the focal plane (z = 0) of the
normalized intensity distributions. Panel on the left is for r = 0 and
that on the right is for # = 1 fs. All parameters are the same as in
Fig. 3.

effects and the oscillatory nature of the fields, alluded to in the
previous paragraph. Also, the centroid of the pulse is shown to
advance along the propagation direction at roughly the speed
of light, so its position is always given by z ~ ct. This behavior

0.08

@ =0

300 301

z/\

0

299 302

FIG. 5. (Color online) Variation of the normalized axial intensity
with distance along the propagation direction, at points on the axis of
propagation (x = 0 = y) of a pulse that is both ultrashort and tightly
focused (wy = L = 0.64¢ and z, ~ 1.134(). Shown are snapshots at
times t = 0,3 fs and 1 ps.
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is consistent with what has been encountered in Fig. 2, which,
it must be borne in mind, was based upon the fotal intensity
(derived from the full vector potential).

VII. CONCLUSIONS

This paper has been devoted to the derivation of analytic
expressions for the electric and magnetic fields of an ultrashort
and tightly focused radially polarized laser pulse. A solution to
the wave equation satisfied by the vector potential, polarized
in the direction of propagation, has been the starting point for
the derivation, which also brought into the picture a scalar
potential via the Lorenz gauge. The procedure employed to
arrive at the main results followed along lines similar to the
work of Esarey et al. [23] (for a linearly polarized pulse) with
two major differences. On the one hand, a scalar potential
has been used here explicitly and throughout the derivation.
This has resulted in expressions for the transverse as well
as axial fields in a natural way. In Ref. [23] only a vector
potential is used and it is suggested there that the axial electric
field could be obtained via the Maxwell equation V - E = 0.

PHYSICAL REVIEW A 92, 053836 (2015)

On the other hand, an intuitively clear and simple choice
for the initial pulse profile in k space has been used in our
work, instead of the Gaussian employed in Ref. [23]. This
choice has resulted in a number of simplifications, which, in
turn, led to straightforward integrals and to an intuitively clear
interpretation of the final results.

Final field expressions have been derived only to lowest or-
der, stemming from a power-series expansion which has been
employed at some point in the derivation in order to facilitate
analytic calculation of the otherwise quite involved inverse
Fourier transform integrals. The derived field expressions have
been used to produce the well-known donut-shaped intensity
profiles of the radial electric and azimuthal magnetic fields,
E, and By, respectively, as well as the equally well-known
pencil-like focus of the axial electric field E,. It has been
demonstrated, via specific numerical examples, that the need
to retain terms in the field expressions beyond the lowest
order may not be necessary. Nevertheless, a program has been
designed that would lead one to obtain analytic expressions
for the fields to all desired orders. The main steps have been
spelled out and most of the analytic work, needed to arrive at
the vector potential, has been done.
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