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Optical forces on two-level atoms by subcycle pulsed focused vector fields
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The optical forces on neutral two-level atoms by the subcycle pulsed focused vector field are investigated by
numerically solving the density-matrix equations without the rotating-wave approximation. The phenomena of

focusing or defocusing of the neutral atom are analyzed. For the transverse optical force, an acceleration of an
atom that is 10 orders of magnitude higher than the Earth’s gravitational acceleration g can be obtained. The
optical force can change from a focusing force to a defocusing force depending on the initial state of the atom.
The optical potential may be used to trap the neutral two-level atoms in the experiment of cold atoms.
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I. INTRODUCTION

In recent years, many theoretical and experimental studies
on optical force have been carried out in various contexts
[1-14]. The interaction of a laser with atoms forms the
basis of atomic cooling and trapping, which enables us to
get full control of the atomic motion and has paved the
way for applications, such as atom optics and Bose-Einstein
condensation [8—10]. Many authors have studied the radiation
forces exerted on neutral atoms. In this context, the two-
level system may be the one most studied. The two-level
atomic system is the simplest scheme for calculating the
radiation forces [15]. The forces can be calculated using the
steady-state solutions of the optical Bloch equations within
the rotating-wave approximation (RWA) [16]. However, the
rotating-wave approximation and the slowly varying envelope
approximation can no longer be used in the femtosecond and
attosecond regimes. Recently, experiments on semiconductors
have shown that, in the regime of extreme nonlinear optics,
the description of the atomic system in the terms of two-level
systems has been able to reproduce the experimental results
amazingly well [17]. Some theoretical analyses in the context
of optical dipole trapping and light force on a two-level atomic
system in a few-cycle pulse laser field beyond RWA have
been carried out [14,18]. In these researches, the few-cycle
pulse is seen as the Gaussian pulse, and only the transverse
component is considered. But, in fact, the ultrashort pulse is
vectorial, and the longitudinal component cannot be ignored.
With the great progress in the generation of ultrashort laser
pulses, the electromagnetic pulses, which consist of a few or
less than one optical cycle, have been realized in the laboratory
[19-23]. For the subcycle pulse, the carrier-envelope model
is found to cause nonphysical results and cannot be used
[24,25]. Therefore, an accurate description of the pulse-matter
interaction requires precise knowledge of all components
of the electromagnetic field. Analytical expressions of few-
cycle, single-cycle, and subcycle pulsed beams with arbitrary
polarization that are exact solutions of Maxwell’s equations
have been presented by us [25,26]. With the expressions, we
analyzed the optical force on the two-level atoms with the
subcycle and few-cycle pulsed focused vector beams. The
transverse focusing, defocusing force of the neutral atoms is
found, and the optical potential is analyzed. The transverse
focusing or defocusing force of the neutral atoms is dependent
on the initial states of the atom. If the atom initially is at the
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ground state, the transverse trapping force is always inward,
directed toward the optical axis. The ultrastrong deceleration
of neutral atoms with a magnitude as high as 10 orders of
magnitude times the Earth’s gravitational acceleration g is
gained if the velocity of the atom deviates from the optical
axis. Focusing of the neutral atoms may be possible by the
transverse trapping force and may lead to new applications in
the experiment of cold atoms and atomic optics.

II. THEORY

In order to calculate the radiation force exerted on a two-
level atom under the influence of a pulsed focused vector beam,
we review the expressions of subcycle pulsed focused vector
beams which are presented by us [25,26]. We consider two
opposite charges oscillating against each other. They can be
described by an oscillating dipole located at the origin of the
coordinate system with the dipole moment,

po(t)
V1482

where the parameter £ determines the polarization state such
that £ = 0 corresponds to the linear polarization in the x
direction, & = %1 corresponds to the circular polarization, and
& = oo corresponds to the linear polarization in the y direction.
The function py(t) cannot be arbitrary. For the model of the
few-cycle pulse, the dc component in the carrier-envelope
model with an envelope, which is multiply a carrier, is found
to cause nonphysical results. Another problem is that an
expression of subcycle and few-cycle pulses is only physically
meaningful as long as the spectrum content remains invariant
under the change in its carrier-envelope phase. In order to
overcome the two problems, an analytic vector potential model
has been proposed. Here, the po(#) must be analytic. po(f) can
be written as a product of a carrier and a complex Lorentz
analytical envelope,

p(r,n) = (ex +i&ey)s(r), (1)

po(t) = po exp(iot + i) 2

T —it
The peak value pg of the dipole moment determines the peak
power of the beam as will be shown below, and ¢y denotes
the carrier-envelope phase or absolute phase. w is the carrier
frequency. A focused pulse propagating in a certain direction,
for which we take the z direction, can be obtained by moving
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the source dipole from the origin to a complex position along the Rayleigh range determined by the beam waist wy. We

the z axis. We introduce the spatiotemporal translation, introduce the complex distance R’ = \/ x2 4+ y2 + (2 +iz20)°
, . , .20 By the sink-source method [27,28], the optical field can be
iz =iz, P>t =t—t+i—". obtained by folding the source with
We shift both the spatial coordinate z and the time ct by the , ,
same imaginary amount. This way, on axis (for x = y = 0), D (R’,t) _ Mo s (t —R /C) —9 (t +R /C)’
the shift cancels from the retarded time, and we will be able 4z R
to retrieve the standard Lorentz beam in the paraxial approx- where o is the magnetic permeability of vacuum. The

imation. In the latter, the parameter zo = kwg /2 will become expressions of the field are

2, 72
> "ok / NS L R / /
E(x,y,z,0) = —{[fp(r) + f'p()(ex +ikey) + —lgp (v) + &' p(N}, 3)
4w R'\/1 + &2 Y R?
2
-~ c N N -
H(x,y,2,t) = ——————[hp (v) + W' p(t)][—ikze; + zey + (ix — y) e.]. “)
4 R2 /1 + &2 Y )
The source p(t) as well as the functions,
f 1+ 2+ ! ! 1+ ikR + iR
= - i — |,
w(T —it) @?*(T —it) k2R”? c(T —it)
f+ 1+'kR’+—iR/ h=f+ !
= — 1 s =
& CR? (T —it) 2R”?
are evaluated at the complex retarded timet = t' — R’/c. Another sourcep(z’) and the functions,
f 1+ 2+ ! ! 1+ ikR + iR
= — 1 —_— |,
(T —it) (T — it  k2R? c(T —it")

/ / . / lR/ ’ ! 1
g=—f+ I1+ikR + ——7 |, h=—f+

sz/Z c(T —it) sz/2

are evaluated at the complex retarded time t/ = ¢’ + R’/c. The physical fields are obtained as the real parts of the fields (3) and
(4). The peak value Ej of the electromagnetic field is related to the (time-dependent) Poynting vector S = Re(E) x Re(H) of
the beam through Ey = /cftoSmax. This yields the relation py = 4w z0A¢Eo/(c*k?11o), where

T T
Ay = Bi+Bo———— ) [ C + Cr————e /||
0 ( IR TP LT o et

B—1+12+1+1<1k 2). =58 !
U T er) T T e “Ter) VT T e

1 2 1 1 20 >
By=—|1+ - — =5 (l+koo+——7——],
: ( a)(T—I—ZZo/C)) w? (T + 2z0/c)* k2z3< O (T + 2z20/0)
1
k225

The components of the electric and magnetic fields are

G

_B2

E, =RejA (fp+f’p’)+ﬁ(gp+g/p/) . H¢=Re —Aié—z(thrh’p’) ,
R? Rc
. 7! y.i 7! < !’/
Ey=Re{A[ls(fp+fp)+ﬁ(gp+gp)“, H, = Re[A-—(hp +1'p)] . 5)
C
|:AZ / /i| |: igx—y / /]
E,=Re| —(hp+hp)|, H,=Re|A (hp+h'p)|.
Rc c

where ¥ = x +i&y and A = EgzoAo/(poR/1 + £2).
The light force acting on the atomic center of mass can be written as follows:
dP

?:M%=<—
dt

> = (V(i- E)),

043401-2



OPTICAL FORCES ON TWO-LEVEL ATOMS BY SUBCYCLE ... PHYSICAL REVIEW A 87, 043401 (2013)

where p is the atomic dipole moment operator. If «,8, and yare the angles between Eand the x, y, and z axes, [ - E can be
written as follows:

ji-E = (pi»+ pa1) [Ey cos @ + E, cos f+ E, cos yl,
where cos o = %, cos B = %, and cos y = Ef The components of the light force are

- 0 N
F.=u(ppn +p21)£[Ex cos o+ Ey cos B+ E cos yley,

= 9 ~
Fy = p(pi2+ p21) 5[& cos o+ Ey cos B+ E cos yley, (6)

- 0 N
F,=pn(pn +,021)8—Z[Ex cos o+ E, cos B+ E cos yle;.

The Bloch vector component u = pj + p»1is described by the following optical Bloch equations:

du u dv
- = w12V

dt T dr

where u, v, and w are the three components of the Bloch
vector. T, and T, respectively, are the dipole-dephasing and
spontaneous decay times. The detuning parameter is defined
as A = wp —w. Q is the Rabi frequency and is defined as

Q=p-EF0/h

III. RESULTS AND DISCUSSIONS

Using the expression of the Lorentz pulsed laser field
described by Egs. (5), we solve Eqgs. (7) numerically without
RWA. We compare the cases where the atom initially is
at the ground state, the excitation state, and the coherent
state. We find that the focusing, defocusing forces of the
atomic beam are obtained depending on the initial state of the
atom. We choose the following parameters for our numerical
calculations: w1, = 2.2758 rad/fs, T, = 200 fs, u = 2.65¢ A,
and M = 200 amu. The numerical parameters chosen for the
atom are typical for the research of atomic physics, such as a
similar transition frequency and a similar dipole moment can
be found in rubidium atoms and other atoms. The dephasing
time is much longer than the duration of the subcycle pulse.
So, the effect of the dephasing time can be neglected. It is a
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FIG. 1. Temporal evolution of the light force. The force is calcu-
latedatx = 0.5, y = 0.5 um,z = 0, and A = 0.75 x 1.7758 rad/fs.

The Rabi frequency is 2 = 2.2758 rad/fs.

= —wipU — 2Qw — —_—,

v dw w+1
— =2Qu — s 7
T dt v T, )

heavy atom, and the numerical parameters do not correspond
to a specific atom. But the conclusion is applicable for real
atoms. The main results in the article are independent of
the numerical parameters of the atom. Figures 1-3 depict
the temporal evolution of the light force on the two-level
atoms. The figures in the article show the oscillations of the
optical force on extremely fast time scales. The period of
oscillation of the optical force is equal to half the optical
oscillation period, and the optical oscillation period is several
femtoseconds. The time step in the numerical calculation is
10~'7s, so, the time step is small enough to see the exact
optical force structure. The ground state is initially populated,
and T = 0.87y = 0.8 (27 /w) is chosen for Figs. 1-3.

Figures 1 and 2 show that the transverse force is inward,
directed toward the z axis. The transverse force can produce an
acceleration which points to the z axis, and it is a focusing force
on the transverse direction. An acceleration of an atom that is
10 orders of magnitude higher than the Earth’s gravitational
acceleration g can be obtained by the force. Because of the
ultrashort duration of the subcycle pulse, the speed change in
the atom is small by a subcycle pulse, and we can use the
focusing force to fine-control an atom in the experiment of
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FIG. 2. Temporal evolution of the light force. The force is
calculated at x = —0.5, y=—-0.5 um,z =0, and A =0.75 x
1.7758 rad/fs. The Rabi frequency is 2 = 2.2758 rad/fs.
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FIG. 3. Temporal evolution of the light force. The force
is calculated at x = 0.5, y = 0.5 um, and z = 0 with A =0.5 x
1.7758 rad/fs. The Rabi frequency is 2 = 5 x 2.2758 rad/fs.

cold atoms. Figure 3 shows that the direction of the optical
force will change with the detuning and Rabi frequency. The
transverse optical can be a focusing force or a defocusing force
by different detunings or Rabi frequencies, whereas, the optical
force value increases with the Rabi frequency. The longitudinal
component of the light force F, oscillates positively and
negatively, and the time average of the longitudinal force tends
to zero.

Now, we consider the cases where the atom is initially
prepared at the excited state and at the coherent state.
Figures 4 and 5 show the evolution of the optical force.
The parameters are chosen as Q = 2.2758,T = 0.8Tp =
0.82m/w), and A = 0.75 x 1.7758 rad/fs.

For the same condition as in Fig. 1, except for the initial
state of the atom, Fig. 4 shows that the transverse force is
directed away from the optical axis. For the atom initially
being in the excited state, the optical force is a defocusing
force on the transverse direction. Figure 5 shows that the time
average of the longitudinal force tends to zero for the atom
initially being in the maximum coherent state. So, there is no
focusing or defocusing effect for the atom. The optical force
on the transverse direction can change from a focusing force
to a defocusing force when the initial state of the atom changes
from the ground state to the coherent state to the excited state,
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FIG. 4. Temporal evolution of the light force. The force is
calculated at x = 0.5, y = 0.5 um, and z = 0. The atom is initially
prepared in the excited state.
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FIG. 5. Temporal evolution of the light force. The force is
calculated at x = 0.5, y = 0.5 um, and z = 0. The atom is initially
prepared in the coherent state (0) = +/2/2 |1) + +/2/212).

and the focusing and defocusing controls of the atom can be
obtained according to the initial state of the atom.

The spatiotemporal profile of the optical potential is plotted
in Figs. 6 and 7. The atom is initially in the ground state.
Figure 6 shows the potential energy function U(x) at z = 0 and
y = 0.5 um, and Fig. 7 shows the potential-energy function
U(y)atz =0and x = 0.5 um.

From Figs. 6 and 7, one can see that the optical potential
is negative around the z axis. A two-level atom in an atomic
beam may be trapped by the time-dependent optical potential.
For the numerical parameters of the atom given in the article,
a transverse acceleration of an atom that is 10 orders of
magnitude higher than the Earth’s gravitational acceleration
g can be obtained. The transverse speed of the atom will alter
a few millimeters per second by a subcycle pulse in several
femtoseconds. For a light atom, the transverse speed will alter
a few centimeters per second in several femtoseconds. In the
subcycle pulse train, the speed of an atom can alter a few
meters per second in a few picoseconds. So, the cold atom
can be considered to be trapped for the laser pulse’s short
time duration. For a different initial state of the atom, the
transverse optical force can change from a focusing force to a
defocusing force. So, distinguishing of the different states of
an atom may be possible by the transverse optical force in the
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FIG. 6. (Color online) Spatiotemporal profile of the optical
potential. The parameters are chosen as Q = 2.2758 rad/fs T =
0.87y = 0.8(27/w), and A = 0.75 x 1.7758 rad/fs. The potential-
energy function U(x) is calculated at z =0 and y = 0.5 um.
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FIG. 7. (Color online) Spatiotemporal profile of the optical
potential. The parameters are chosen as Q = 2.2758 rad/fs, T =
0.8Ty = 0.8 (27 /w), and A = 0.75 x 1.7758 rad/fs. The potential-
energy function U(y) is calculated at z = O and x = 0.5 um.

femtosecond time regime. Therefore, the optical force makes
the fine-control of atomic motion possible.
IV. CONCLUSION

In conclusion, we studied the optical force on a beam of
neutral two-level atoms in a subcycle pulsed focused vector

PHYSICAL REVIEW A 87, 043401 (2013)

optical beam. The transverse component and the longitudinal
component of the optical force are analyzed. The optical force
can be a focusing or a defocusing force on the transverse
direction by changing the detuning and Rabi frequency of the
optical field. For the transverse optical force, the acceleration
of an atom is 10 orders of magnitude higher than the Earth’s
gravitational acceleration g can obtain. On the same condition
as the optical field, the optical force on the transverse direction
can change from a focusing force to a defocusing force
depending on the initial state of the atom. For the longitudinal
force, the force oscillates with time, and the time average of
the force tends to zero on most locations in the field. So, the
longitudinal force cannot be used to steer an atom. The optical
force on a neutral two-level atom by the subcycle pulse may
be used to fine-control an atom in the experiment of cold
atoms.

ACKNOWLEDGMENTS

This work was supported by the National Natural Sci-
ence Foundation of China (Grants No. 60925022 and No.
11104243), the Fundamental Research Funds for the Central
Universities (Grant No. 2012FZA3001), and the Ministry of
Science of Technology of China (Grant No. 2013CB329501).

[1] S. Chu, Rev. Mod. Phys. 70, 685 (1998).

[2] S. Stenholm, Rev. Mod. Phys. 58, 699 (1986).

[3] A. P. Kazantev, G. I. Surdutovich, and V. P. Yakovlev,
Mechanical Action of Light on Atoms (World Scientific,
Singapore, 1990).

[4] V. L. Balykin, V. G. Minogin, and V. S. Letokhov, Rep. Prog.
Phys. 63, 1429 (2000).

[5] R. Dumke, M. Volk, T. Miither, F. B. J. Buchkremer, G. Birkl,
and W. Ertmer, Phys. Rev. Lett. 89, 097903 (2002).

[6] M. Miucke, E. Figueroa, J. Bochmann, C. Hahn, K. Murr,
S. Ritter, C. V. Villas-Boas, and G. Rempe, Nature (London)
465, 755 (2010).

[7]1 U. Eichmann, T. Nubbemeyer, H. Rottke, and W. Sandner,
Nature (London) 461, 1261 (2009).

[8] A. D. Cronin, J. Schmiedmayer, and D. E. Pritchard, Rev. Mod.
Phys. 81, 1051 (2009).

[9] M. H. Anderson, J. R. Ensher, M. R. Mathews, C. E. Wieman,
and E. A. Cornell, Science 269, 198 (1995).

[10] V. E. Lembessis and M. Babiker, Phys. Rev. A 82, 051402
(2010).

[11] J. I. Cirac and P. Zoller, Phys. Today 57, 38 (2004).

[12] R. J. Cook, Phys. Rev. A 20, 224 (1979).

[13] H.-R. Noh and W. Jhe, J. Opt. Soc. Am. B 27, 1712 (2010).

[14] P. Kumar and A. K. Sarma, Phys. Rev. A 84, 043402 (2011).

[15] L. Allen and J. H. Eberly, Optical Resonance and Two-Level
Atoms (Dover, Mineola, NY, 1987).

[16] P. Meystre, Atom Optics (Springer, Berlin, 2001).

[17] M. Wegener, Extreme Nonlinear Optics (Springer-Verlag,
Berlin, 2005).

[18] V. E. Lembessis and D. Ellinas, J. Opt. B 7, 319 (2005).

[19] P. B. Corkum and F. Krausz, Nat. Phys. 3, 381 (2007).

[20] T. Brabec and F. Krausz, Rev. Mod. Phys. 72, 545 (2000).

[21] D. You, R. R. Jones, P. H. Bucksbaum, and D. R. Dykaar, Opt.
Lett. 18, 290 (1993).

[22] M. Y. Shverdin, D. R. Walker, D. D. Yavuz, G. Y. Yin, and
S. E. Harris, Phys. Rev. Lett. 94, 033904 (2005).

[23] W.-J. Chen et al., Phys. Rev. Lett. 100, 163906 (2008).

[24] T. Brabec and F. Krausz, Phys. Rev. Lett. 78, 3282 (1997).

[25] Q. Lin, J. Zheng, and W. Becker, Phys. Rev. Lett. 97, 253902
(2006).

[26] J. Zheng, E. Qiu, Y. Yang, and Q. Lin, Phys. Rev. A 85, 013417
(2012).

[27] C. J. R. Sheppard and S. Saghafi, Phys. Rev. A 57, 2971
(1998).

[28] E. Heyman, B. Z. Steinberg, and L. B. Felsen, J. Opt. Soc. Am.
A 4,2081 (1987).

043401-5


http://dx.doi.org/10.1103/RevModPhys.70.685
http://dx.doi.org/10.1103/RevModPhys.58.699
http://dx.doi.org/10.1088/0034-4885/63/9/202
http://dx.doi.org/10.1088/0034-4885/63/9/202
http://dx.doi.org/10.1103/PhysRevLett.89.097903
http://dx.doi.org/10.1038/nature09093
http://dx.doi.org/10.1038/nature09093
http://dx.doi.org/10.1038/nature08481
http://dx.doi.org/10.1103/RevModPhys.81.1051
http://dx.doi.org/10.1103/RevModPhys.81.1051
http://dx.doi.org/10.1126/science.269.5221.198
http://dx.doi.org/10.1103/PhysRevA.82.051402
http://dx.doi.org/10.1103/PhysRevA.82.051402
http://dx.doi.org/10.1063/1.1712500
http://dx.doi.org/10.1103/PhysRevA.20.224
http://dx.doi.org/10.1364/JOSAB.27.001712
http://dx.doi.org/10.1103/PhysRevA.84.043402
http://dx.doi.org/10.1088/1464-4266/7/11/002
http://dx.doi.org/10.1038/nphys620
http://dx.doi.org/10.1103/RevModPhys.72.545
http://dx.doi.org/10.1364/OL.18.000290
http://dx.doi.org/10.1364/OL.18.000290
http://dx.doi.org/10.1103/PhysRevLett.94.033904
http://dx.doi.org/10.1103/PhysRevLett.100.163906
http://dx.doi.org/10.1103/PhysRevLett.78.3282
http://dx.doi.org/10.1103/PhysRevLett.97.253902
http://dx.doi.org/10.1103/PhysRevLett.97.253902
http://dx.doi.org/10.1103/PhysRevA.85.013417
http://dx.doi.org/10.1103/PhysRevA.85.013417
http://dx.doi.org/10.1103/PhysRevA.57.2971
http://dx.doi.org/10.1103/PhysRevA.57.2971
http://dx.doi.org/10.1364/JOSAA.4.002081
http://dx.doi.org/10.1364/JOSAA.4.002081



