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Manipulation of Cs atoms with laser fields scattered by
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Manipulation of atoms with laser fields is a very important physical process in controlling atom flux for direct "nano" writing
on surfaces, building photosensitive nanophotocathode arrays on semiconductors and guiding atoms through surface-

plasmon and resonant-ring structures.
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1. Introduction

In this paper we present the most important relations
regarding the interaction of electromagnetic laser fields
with the Cs “two-level atom” based on Schrddinger
equation. The laser field scattered by a periodic metallic
nano thin film acts on Cs atom trajectories in the near field
region. Also, some results concerning the possibility and
the conditions to use these fields for Cs atoms
manipulation are discussed.

2. The two-level model of cs atom

For characterizing the interaction between a Cs atom
and an electromagnetic laser field with a frequency @
closed to Cs s-p transition, the two-level model of the Cs
atom, using the electronic basis

functions|s0),| p.—1),| p0),|p.1), is presented in Fig. 1.
[1].
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Fig. 1. The two-level Cs atom model

The Schrddinger equation for electrons has the form
[2,3]:

ih| l11> = (He| —d -6E, coswt)| ¥) (1)

where Hy, is the electronic Hamiltonian, d is the dipole

moment of the atom, € is the unit vector of the electric
field, Ey is the electric field amplitude and o the

pulsation of the electromagnetic laser field.
The wave function |#) and its derivate |5”> have the

expressions:

|#) =co|s0)+cq| p—1) +c,| pO) + 3| p.L)

A . . . @
|l}’> =Co[s0) +¢y| p—1)+¢,| pO) + 3| p1)

where cg,C;,C,,C3 are the electronic basis function’s

coefficients and ¢p,Cq,C,,C3 represent their derivates.

Equation (1) can be expressed using the electronic
basis functions as follows [3, 4]

Co Co

| C c
in| t=[a] * 3)

C2 C2

C3 C3

or

¢o 0 Mpjcoswt Moy coswt Mgscoswt | ¢y
in ¢1| | Mygcosamt Ep 0 0 cq
¢y | | Magcosmt 0 Ep 0 cy
C3 M30COSa)t 0 0 Ep C3

where the following notations are used:
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M01 =—(s0ld -/ p-1)E,
=—(s0|d €/ p0)Eg
=—(s0|d -¢| p.1)E, -
=—(p-1|d -§[s0)E,
|\/|20 =—(po|d-€/s0)Eg
=—(p1|d-€[s0)E,
Using the transformations of variables:
do =.C0 . do =C0 .
dl =e|a)tC]_ dl =ia)em)tC1 +e'“)tél (6)
d2 = ETQ)tCZ dz = ia)ef“’tcz +EfwtC2
d3 = e'a’tc3 d3 = ia)e'“’tc3 +e'”t(':3
Schrddinger equation becomes
indy = ihcy = Mgy coswtcy + Mg, cosmtc, +
+ Moz Cosmtc = Moy cosmte ™ “td; +
+ Mo, coswte 7, + Mg coswte 7 “td,
ind; = —hwd; +e'“'Myq cosmtcy +e'“E ey
= (Ep —ha))dl +Mqg coswtei“’tdo (7

ind, = —hwdy +€' "My cosatcy +e"'E ¢,
= (Ep —h(l)hz + MZO Cosa)teiaﬂdo

inds = ~hods +e" "Mz coswtcy +e'“'E ¢

= (Ep —ha))d3 + M30C Osa)teia)tdo

In the “rotating wave approximation” RWA [3] we
can write

e coswt = %(1+ e’Zi“’t)z%
. _ ®)
e""tcoswt=%(1+e2'””t)z1
Schrédinger equation takes the form:
' 1 1 1 i
_ 0 —Mo —Mp —Mgz|
2 2 2
do | |1 do
Ih d]_ B EM]_O —A 0 0 dl 9
d'2 - 1 d ()
My, O -A 0 2
d3| |2 | ds
SMso 0 0 -A

where 4= (ha)—Wp )= ho is the detuning between the
laser frequency and the Cs atom s-p transition frequency.

For weak field and large detuning, we have
dy ~0, dy ~0,d3 =0 and Schrédinger equation is

. 1 1 1
ihdyg ==Mg1d; +=Mgods +=Mgad
0 2 0141 2 0242 2 0343

M
OZ%Mlodo—Adl—)dlzz—lodo

A4 (10)
1 Mzo
0==Myodg—Ady »>d, =—224
2 2040 2 2 24 0

Mazg
d
24 0

0=%M30d0 —Ad3 —)d3 =
Including the last three equations of the system (10) in
the first one, we obtain the “one-level-atom” model [3],

[4]

. 1
indg = E(M 01M10 +MgaMg +MozMgo)dg (1)
or
indy =Uerr do (12)
where Uy is the effective potential energy which

characterizes the laser field and atom interaction:

Eg ;
U =22 [is0ld-¢p-1)(p-

+(s 0)(p0ld -€[s0)+(s0[d -€

Next we will calculate the matrix
elements (s0|d - p0.£1) . The scalar product d -€ is:

d-gs0)+ (13)

3(pald-¢s0)]

d-é=>(-1)PE_,d, (14)
pa

The electronic wave functions,
electronic basis functionY, 4(6.4) , are [3]:

using spherical

<<I’|S,O> =R (r)YO,o (9,¢)
r|p~1) =Ry (Voo (6.0)
<r| pO)= Rpp(r)Yo,o(97¢) (15)
<r| p.L) =Rp(rNoo(0.4)

Therefore

(s0|d € p0t1)= > (-1)PE_,(s0|dg| pO+1) (16)
p.q

where

dq = \/? M1q(0.6) (17)
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From equations (15), (16) and (17) we obtain

(s0ldg|p.m) = \/?FrsdrR:(r)Rp(r)}-

T 2 . (18)
{ [sinad6 [d¥oo(0,¢)1q(0.6)V1m (e,¢)} =
0 0
= —ﬁeﬁﬁdm; (r)Rp (r)}(ll;OOOO) -(11;m,q[00)
0
Hence:
(50/d-€p.1) = 05y 3 (- 1PE_ (5] p-1) =
p
_dsp _ds
= PS(_1yE 5P
B 2R
(sO|d € p0)=dgp>.(~1)PE_,(s0|dg| p0) =
. (19)
_Usp p _ sp
=—2 (-1)'E_p=—-——F
B Ee
(50/d -6l p1) = sy X (- )PE_p{s0Jd o] p2) =
P
—dgp —dg
=P ()P =—2F
B 2 Ee g
and the effective energy of interaction becomes
E2 _— 2 Y
Uetr = (s0ld -2 p-1)|" +[(s0ld - & po)|" + "
_ 2] Efd§ EGdS
|0l 21p3) }_ 44 4o

The motion equations of Cs atoms is governed by the
Hamiltonian [5]

=2 ~2 E2d2 E2d2
H= 4ufF)=L + 2 yF)=2 (2
2m 2m  4ho 4ho
where
y:& Z:Vz
m v __dU/ex
z':& or X~ m (22)
m o __2u/ey
py =—0U/0ox Yy~
Py =—0U/dy g __dujaz
p, =-0U/éz : m

In the case of an electromagnetic laser field scattered
by a particular diffraction structure it is convenient to have
the potential energy as a function of the ratio between the
incident and the scattered electric field. Using the intensity
of the laser field we can write for the expression of the
potential energy

2 2 2 ~
()= 200 & dsp 1o EF)?
4né 5oC EE 216 soc EZ

(23)

where g (\N/mz) is the intensity of the incident laser
field, Eq is the magnitude of the incident electric field on
the scattering micro or nanostructure; E(F) is the
magnitude of the total electric field;
&, =8.854x107? F/m is the permittivity of free

space; h= 1.054x1073*J - s is Planck’s constant and
¢ is the light speed in free space.

For Cs: m=133amu*=22x10""Kg
and d2 =12.2-a; -q* =8.74x10% (C-m)’
where:
a, = 0.529x107°m s the Bohr-Radius

g =1.6x10"°C is the electronic charge.
* a.m.u - atomic mass unity
1 amu=1.660 x10 % Kg

3. Movement of Cs atoms in the near field of a
metallic thin film with periodical
rectangular holes. Simulation procedures

The scattering array, presented in figure 2, consists of
a metallic nano thin film which is characterized by a
300nm depth and square 300nm holes situated at 505nm
one from each other. The film is considered periodical and
infinite along Ox and Oy axis and its inferior face is
characterized by z=0. The main purpose of the simulations
presented below is to verify if it is possible to obtain a
periodical nano photocathode network using the near field
scattered by the thin film for guiding the Cs atoms and
deposing them in a periodical nano array (rows or groups
of atoms).

z

Fig. 2. The metallic film and its dimensions
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The metallic film is excited from below (z<0) with £
electromagnetic laser plane waves with a wavelength of

854nm 1003

801

60

3.1. Scattered field’s structure

404

Using the momentum method [6,8], the relative
electromagnetic field structure was calculated above the
metallic film (z>0) and it is presented in this section. The
relative field is defined as the ratio between the total
(incident and scattered) field and the incident field. One
example of the electric field structure calculated above the
metallic nano thin film is presented in Fig. 3.
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Fig. 5. Relative electric field in cross section
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Fig. 7. Relative electric field in cross section at y = 0.98 um
(middle of the hole) and y = 1.3825 um (between the holes)
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Fig. 8. Relative electric field in cross section at x = 0.98 um
(middle of the hole) and y = 1.3825 um (between the holes).

3.2. Manipulation of Cs atoms in the described
fields trajectories

The potential energy (23) is equivalent with

2 2
q2 ~ ~
U(F):%I_O m :BI_O ﬂ (24)
€C| E, I\ E,

where
2

dsn -20 e
B=—"—~0.156x10"" (S.I. unities)
2he,C

2

d
B=—"_~0.0941x10" (nm. zs. a.mu. unities)
2heg,C

So, the potential interaction energy becomes

(" e) (e Y

5(GHz) E,

U(F)=941 (25)

Depending on the detuning between the laser
frequency and Cs s-p transition frequency, to the red
(negative) or to the blue (positive), the force which acts
between the Cs atoms and the electromagnetic field is
attractive or repulsive.

The main purpose of the calculus of the trajectories is
to verify if the metallic film and the scattered field could
be used for guiding the atoms through the holes and
deposing them on a semiconductor substrate or to depose
the atoms directly on a semiconductor substrate on the top
of the metallic film on one side and the other of the
apertures. So, a nano periodical atoms structure (network)
with photosensitive proprieties could be obtain.

For the calculus of the trajectories it is used a Finite
Element method [9] with the next steps:

- space division in cubic elements in which the field
could be approximate as constant along Ox, Oy and Oz
axis. So, the atoms movement can be considered as a
Newtonian uniform accelerate movement and because of
relative small velocities the relativistic effects are ignored.

- the gravitational and interaction between the Cs
atoms forces are ignored; so, only the electromagnetic
fields effect can be observed.

- a small time step selection (choice) in order to not
exceed the finite element limit in one integration (the
spatial step is ten times smaller then the cube size).

- integration of the scalar movement equations.

As a source of Cs atoms it is used a MOT (Magneto
Optical Trap) [7] with a temperature T =504K —100K

situated at z=2012.5 nm above the film. In the trajectories
calculus it is used a &=10GHz detuning and an

l, =5x10°W /m?* incident electromagnetic field

intensity. The initial position of Cs atoms is characterized
by z=2012.5nm and randomly x and y between 577.5 nm
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and 1382.5 nm; the initial velocity of Cs atoms on z
isV,, =—1x10% +-5x10" nm/s.
The initial velocity on Oz axis is considered negative

because it is orientated in opposite sense with the Oz
direction.

3.2.1. Attractive force

Taking into account 10° atoms it was calculated the
number of atoms which arrived in the hole, as a function
of the initial velocity on Oz direction. Randomly positions
on Ox and Oy were generated and it was obtained a
number of 14003 atoms which were initially in direction
of the hole
(zg =20125nm; xg and yy between 830nmand1130nm).

The number of atoms which finally arrived in the hole
(z<301875nm; x and y between 830nmand1130nm),

as a function of the initial velocity on Oz, is presented in
Fig.o.

®— atom's numberwhich armsed in the hole
—m— atom's number which wera in hole's direction
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Fig. 9. The number of atoms which arrived in the hole

It can be seen from Fig. 9. that the field effect is
important for initial wvelocity on Oz smaller than

15x10° nm/us . For initial velocities greater than

20 x10° Nm/ s the effect of the field is negligible. The

time of interaction between the field and the atoms is too
small and the initial kinetic energy of Cs atoms is greater
then the potential energy of interaction between the field
and the atoms. Also, it can be seen that the number of
atoms which arrive in the hole decreases when the initial
velocity on Oz decreases. The time of interaction between
the field and that Cs atoms increases and so the effect of
the field is greater. The fact that the atoms did not arrive in
the hole is due to the field configuration. As it can be seen
in Fig. 6, the electric field is greater on a side and on the
other of the hole and in the “attractive force” case the
atoms will migrate there where the field is greater.

To see exactly what is happening with the Cs atoms in
the described attractive field, trajectories were calculated
and represented in Fig. 10 and Fig.11. [10-12]

Fig. 10. 100 trajectories
for voz; = -5000 nm/us and voz = -3000 nm/us

A
z{nm)
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16001
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Fig. 11. 100 trajectories for vo; = -2000 nm/us
and 50 trajectories for vo; = -1000 nm/us
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3.2.2 Repulsive force

Taking into account 10° atoms it was calculated the
number of atoms which arrived in the hole, as a function
of the initial velocity on Oz direction. Randomly positions
on Ox and Oy were generated and it was obtained a
number of 14003 atoms which were initially in direction
of the hole
(zg =20125nm; xg and y, between 830nmand1130nm).

The number of atoms which finally arrived in the hole
(z2<301875nm; x and y between 830nmand1130nm),

as a function of the initial velocity on Oz, is presented in
Fig.12.

—&— atom's number which arived in the hole
—m— gtom's number which were in hole’s direction

16000 -

o
.
15000 / ..iﬁ
] * \
14000 lTllllIl-—l_l_. R e
L ]

@ 13000 - r
£
B B
© repulsive force

12000 -

11000 -

10000 - .

T T T T T T T T T T T T T T T T T T 1
0 5000 10000150002000025000300003500040000450005000055000
initial velocity on Oz {nm/ps)

Fig. 12. The number of atoms which arrived in the hole

It can be seen from Fig. 12. that the field effect is
important for initial wvelocity on Oz smaller than

15x10° nm/us . For initial velocities greater than

30x10° Nm/ s the effect of the field is negligible. The

time of interaction between the field and the Cs atoms is
too small and the initial kinetic energy of Cs atoms is
greater then the potential energy of interaction between the
field and the atoms. Also, it can be seen that the number of
atoms which arrive in the hole increases when the initial
velocity on Oz decreases, till
approximately9 x10° nm/us . The time of interaction

between the field and that Cs atoms increase and so the
effect of the field is greater. The fact that the more atoms
arrived in the hole due to the field configuration (Fig. 6.)
which presents a minimum in the hole’s direction. In the
“repulsive force” case the atoms will migrate there where
the field is smaller.

At approximately 15 x10°nm/ s appear the first atoms

reflections due to the field configuration. From the Figs. 7-
8 it can be seen that the field increases when Oz decreases
and at one point the Cs atom will be stopped and reflected.

Between 15.103nm/.s and 9-10% nm/zs the collimation

effect of the electromagnetic field is greater than the effect

of the reflections and so the number of atoms which arrive
in the hole increases when the initial velocity decreases.

For initial velocities smaller than 9x10° nm/ s the

effect of the reflections is greater than the collimation
electromagnetic field effect and the number of atoms
which arrive in the hole decreases when the initial velocity
decreases.
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Fig. 13. 100 trajectories for vo; = -9000 nm/us

To see exactly what is happening with the Cs atoms in
the repulsive field, trajectories were calculated and
represented in Fig. 13. The initial velocity is chose to be

9x10° nm/us because for this value the collimation
effect of the electromagnetic field is the most important.

4, Conclusions

As it can be seen from figures 10 and 11, in the
“attractive force” case, the metallic film and its scattered
field can be used in order to depose Cs atoms on one side
and on the other of the holes in a (A/2=400nm)
periodical rows photosensitive network.

In the “repulsive force” case, the metallic film and its
scattered field can not be used to guide the atoms trough
the holes and to depose them on a semiconductor
substrate. Even if for an initial velocity of

9x10° nm/ 45 there is a collimation effect, but is very
small.
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