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Micro pencil with cesium atoms
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Manipulation of atoms with laser fields is a very important physical process in controlling atom flux for direct "nano" and
“micro” writing on surfaces, making photosensitive nanophotocathode arrays on semiconductors and guiding atoms through

surface-plasmon and resonant-ring structures.
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1. Introduction

The laser field scattered by a special metallic micro
thin film acts on Cs atom trajectories in the near field
region. This effect makes possible the manipulation of Cs
atoms to obtain a micropencil for writing on surfaces and
some other applications (realization of periodical Cs atoms
array on semiconductors). In this paper we present the
most important relations regarding the interaction of
electromagnetic laser fields with the Cs “two-level atom”
based on Schrodinger equation. 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
s.0).|p~1).|p.0). | p.I), is presented in Fig. 1. [1]
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Fig. 1. The two-level Cs atom model.

The Schrédinger equation for electrons has the form

(2], [3]:
in|#) = (F —d 6By cos ot ) 1)
where H,; is the electronic Hamiltonian, d is the dipole
moment of the atom, é is the unit vector of the electric

field, E, is the electric field amplitude and o the
pulsation of the electromagnetic laser field.

The wave function |5V> and its derivate |¥’> have the

expressions:

|5’/> = co|s,0>+cl|p,—]>+02|p,0>+c3|p,]>

A : . : @)
|5’/> = cols,0> + cl|p,—1> + C2|P,0> + C3|P’1>

where c¢,c;,cp,c3 are the electronic basis function’s

coefficients and ¢j,¢;,¢;,¢3 represent their derivates.

Equation (1) can be expressed using the electronic
basis functions as follows [3,4]
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in| 1 =[4] "’ ?3)
€2 €2
¢3 c3
Or
¢ 0 My coswt My, coswt Mz coswt || ¢,
" ¢ M ;y cos ot E, 0 0 ¢
1 =
¢ M 5 cos ot 0 E, 0 ¢
é3 M 3 cos ot 0 0 E, c3
“4)

where the following notations are used:

M01 = —<S,0‘(; é‘p,—1>E0

Mgy =~(s.0|d -¢ p.0)E,

M03 = —<S,()‘6§ é‘ p,1>E0 (5)
My =~(p~1|d-gs.0)E,

Mg =~{(p|d -¢s.0)E,
M30 = —<p,]‘g é‘ S,0>E0
Using the transformations of variables:
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dp =cy dp=¢y
d] :elwtCI

d, =eimcz dz =ia)eimcz +ei"”c'2

d;=iwe'®'c; +e''¢,

(6)
ds = iot d . iot iot -
3=e c3 3=lwe " c3te " C3
Schrédinger equation becomes
lhdo = thO = M()] coswtc; +M02 coswitcy +
+ Mz coswtcy =My cos a)te_iwtdj +
+ M), cos wte™'d, + M 3 cos wte_iwtd3
ihd, =—hwd; +e'" ' M ) cos o1cy + e E e
= (Ep —ha))d] +M ;) coswte d, @)
ihdz =—hod; + ei‘"tMZO coswicy + eilepcz
= (Ep - ha))dz +M 5 coswte'®' d,
ihd’3 =-hod; + eimM30 cos wtcy + eithpc3
= (Ep - ha))d3 +M 3¢ osa)teimd()

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

e_i‘”lcosa)tzi(1+e_2"m)zé
: . (®)
elmcosa)t=§(1+ez”‘")zi
Schrodinger equation takes the form:
[ 1 1 1,
0 My —Mp —My|
d 2 2 2 d
'0 1 0 0 0
d, | |FMi0 =4 d,
in .| = 7 )
ol | ZMyy 0 -4 0 |
ds| |4 | d;

where A= (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

d, =0, dz =0, é’3 ~ (0 and Schrodinger equation is
p 1 1 1
ihdy =—My;d;+—Mpydy +—M3d
nag P 01%1 P 02¢2 P 03¢3
1 My
0=—=M;pdy—4d; > d; =——d,
S M0 1 1=,

(10
1 M
0==Myydy—Ads —>dy =204

> M 2040 2> dy=—""dy

1 M3y
0=—M3pdy—Ad; > d; =—2~d

2 300 3 3 A 0
Including the last three equations of the system (10) in the
first one, we obtain the “one-level-atom” model [3], [4]

o 1

ihd = 4—A(M01M10 + MM g +MosM39)dy (1)
or

ihdy =U pdy (12)

where U,y is the effective potential energy which

characterizes the laser field and atom interaction:

EZT, = . S .
Uog =2 \is01d & pei)(p-11d -ds0)+

+<s,0|g . é|p,0><p,0|c§ . é|s,0> + <s,0|c§ . é| p,]><p,1|c§ . é|s,0>]

13)
Next we will calculate the matrix
elements <s,0|c? ~é| p,0,i1> . The scalar product d - é is:
d-e=Y(-1)’E_,d, (14)

pr4q
The electronic wave functions, using spherical electronic
basis function; , (9¢) , are [3]:

(H]5.0) = Ry(r)¥5,0(60.9)
(Hlp1)= R, ()5 (0.9)

(15)
<r|P’0> =R, (r)¥50(6.9)
<’|p’1> =R, (r)Yy(0.9)
Therefore
(s.0d ¢ p0£l)y=Y (-1)P E_,(s.0ld,| p0.£1) (16)
P4
where

d, = —\/?ﬁ],q(e,m (17)

From equations (15), (16) and (17) we obtain

<s,0 |dq | D, m> = —\/@[TrjdrR: (r)Rp (r)} .

V3 2r
{ Fsinato [agt(0.0),, (0.6 w)} _
0 0

= —ﬁ{fﬁ drR; ()R, (r):|<1],‘00|00> {11:m,q00)
0
(18)
Hence:
(s0ld el p~1y=dg,> (- 1)PE_,(s.0ld;| p-1) =
p

—d

~d
=— PN )PE =P
NERR A
(s0d & p0y=d,> (= 1)V E_,(s.0]dy| p.0) =
P
(19)
dg, d
Ky _J pE :_ﬂ
N

(500 -dp1) = doy 3 IV E_ (50l _i| 1) -
p

, d
=— 2N (-1)PE_, =—2>
P

V3 V3

and the effective energy of interaction becomes
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+

‘2
(20)

Eg - - 2
Ugr =% ‘<S,0‘d-$‘p,—]> +‘<s,0‘d~£‘p,0>‘

- . 2] EZdi Eid:
o1 |- -

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

=2 L2 p242 242
H=LyuF)=L-+20"%  yF)=—2 (1)
2m 2m  4ho 4h6
where
)'C:pix )'c:vx
m p=v,
_Py Z=v,
m . oUjox (22)
o Pz or T
m . oUJoy
by =—0U/ox [ —
p, =—0U /oy _ ouje
p. =—0U/oz £ 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 -
U(F)= dy 20y B dy 1y EG)

= = — 23
4ns ggc E7 2h6 ggc Ef @)

where 1 (W/ m2) is the intensity of the incident laser
field, Ej is the magnitude of the incident electric field on
the scattering micro or nanostructure; E(F) is the
field;
& =8.854-107"7 F/m is the permittivity of free space;
h=1.054-10"*J .5 is Planck’s constant and ¢ is the
light speed in free space.

For Cs: m=133amu.*=22-100"Kg  and

dszp =12.2-ao2 q° =8.74-107% (C-m)2 where:

magnitude of the total electric

ag=0.529-10"""m is the Bohr-Radius
g=16-1 0717 C is the electronic charge.

* q.m.u — atomic mass unity [ a.m.u=1,660- 10_27 Kg

3. Movement of Cs atoms in the near field of a
special metallic micro thin film with a
central slit and grooves. Simulation
procedures

The micro film presented in Fig. 2. is considered
infinite along Oy and its main characteristics are:
a=250nm (the width of the central slit and grooves),
d=800nm (the period), #=80nm (the depth of the grooves)
and w=300nm (the thickness of the metal) in which the
corrugation (M = N= 10 grooves to the left and right of the

central slit) are placed in the input and in the output
surface. The main purpose of the grooves is to focus the
scattered field just above the central slit. The output (right)
face of the film is characterized by z=0.

X

Fig. 2. The metallic film and its dimensions.

The main purpose of the simulations presented below
is to verify if it is possible to obtain a micro pencil with Cs
atoms using the near field scattered by the thin film for
guiding the atoms through the central slit and deposing
them on a semiconductor substrate. So, this micro thin
film excited by laser field can be used for direct micro
writing and for obtaining periodical Cs atoms arrays on
semiconductors which have important photosensitive
proprieties and can be used for microelectronic devices.
The metallic film is excited from the left side (z<0) with
electromagnetic laser plane waves with a wavelength of
852.1 nm

3.1. Scattered field’s structure

ooocooon

Z (i

¥

Fig. 3. Relative electric field.

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
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relative field is defined as the ratio between the total
(incident and scattered) field and the incident field. The
electric field structure calculated above the metallic micro
thin film is presented in Fig. 3.

Bellow, in the Figs. 4,5,6,7,8,9,10,11, is presented the
relative electric field structure in cross sections for
different distances from the film [10,11,12].
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Fig. 4. Relative electric field in cross section at z = 1 um
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Fig. 5. Relative electric field in cross section atz = 25.5 um
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Fig. 7. Relative electric field in cross section at z = 48 um
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Fig. 8. Relative electric field in cross

section at z = 50.5 um.

For z > 130 um the electric field becomes Gaussian:
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Fig. 9. Relative electric field in cross

section atz = 131 um
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Fig. 10. Relative electric field in cross section at z = 141 um
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Fig. 11. Relative electric field in cross section at z = 151 um.

3.2. Manipulation of Cs atoms in the described
fields. Trajectories

The potential energy (23) is equivalent with

2 . 2 . 2
U(f)zd‘il—" EE) | _plo| EG) 24)

2ho &oC E() o E()
where
d2
B=—2L"~0.156-10"°" (S.I. unities)
Zhé'()c
dJ2
B=—"C"x0.0941-10" (m. ys.amu.)
Zhé‘()c

So, the potential interaction energy becomes

/4
W) )
5(GHz) | E,
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. Because the relative electric field
presents its maximum right above the slit, we will present
only the attractive force case (the atoms will migrate there

U(F)=0.000941 (25)

where the electric field is greater). In the repulsive force
case the atoms will migrate in the minimum of the electric
field and so they can not be guided through the central slit.

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 central slit and
deposing them on a semiconductor substrate.

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) or a Cs atoms oven [7] situated at z=151 um
above the film. In the trajectories calculus it is used a
8 =10GHz detuning and an I, =10"W/m’ incident
field intensity. The initial position of Cs atoms is
characterized by z=151 um and randomly x between -70
um and 10 um; the initial velocity of Cs atoms on z
isvg, =—1+=10um/us andvy, =0umfus. v, is
considered negative because it is orientated in opposite
sense with the Oz direction.

3.3 Case of attractive force

Taking into account /00 atoms it were calculated their
trajectories, as a function of the initial velocity on Oz
direction. Equidistant initial positions were generated
(zy =151um; x, between—10nm and 10nm ).

These dependences are presented bellow the figures 12,
13, 14, 15, 16, 17

Fig. 12. 100 trajectories for vy, = -1 m/s
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B0+ By adding the gravity forces which act parallel with
Oz axis but in the opposite direction and maintaining
407 vor =0 pm/ us the next trajectories were obtained (Fig. 18
and 19).
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We can see from the last simulations that by using this
thin film and its near field with its described structure and
incident intensity we can manipulate just cold atoms.
Practically, we could use as a source of atoms a MOT
situated, for technically reasons, at z > I c¢m away from
the metallic micro film.

In the next simulations we present the trajectories of
100 atoms which arrived in the near field of metallic thin

film from a MOT situated at 70-10° pm and characterized
by a temperature 7 = 50 4K . Initial velocity on Ox axis
Vo, =—1+1pm/pus was also considered.

Fig. 19. 100 trajectories for vy, = -0.5 m/s,
Vor =—1+1pm/ us and gravity g = 107 /Jm//EZ

4. Conclusions

Using this metallic thin film excited by laser plane
waves with an I, = 10" W /m’ incident field intensity,

only cold atoms could be guided through the central slit
and used for direct micro writing. So, only the atoms
provided by a MOT can be manipulated in the described
conditions.

The same results can be obtained for greater initial
atoms velocities by using more powerful lasers (by
increasing the intensity of the incident electromagnetic
field).

In the “repulsive force” case, the metallic film and its
scattered field can not be used to guide the atoms trough
the central slit and depose them on a semiconductor
substrate.
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