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Abstract—We propose the simple shell model to describe standing wave. In this case, atoms can be controlled dyjrectl
the focusing of cool atomic beam interacting with open-loop to form a desired pattern. To produce the pattern with
modulated optical field. - . _ high resolution, we need to split the wave packet into two
This model can be apply to form efficient splitting effect in .
momentum space. coherent momentum components only. For the model with

only two states (i.e. an approximation of two level atom
|. INTRODUCTION states), we have to split the population of the lower state

In nano-lithography the optical control of atomic motion(because the population of the exited state usually loses
is one of the main problems. In principle, we can make sudifie coherency very fast by spontaneous decay) in several
a control for atom dynamics because there is an exchang@mentum components (in an ideal case — only two). At
of momentum between the atoms and the optical field§ie same time to form the pattern with small step we need
The momentum exchange can be created with practic§l control the scale of splitting between two main coherent
devices: atomic mirrors and atomic beam splitters which agomponents in momentum space. Therefore, an atomic beam
main elements of atomic interferometer. The most interessplitter is the main element for the practical realizatidn o
ing possibility here is to obtain the splitting of the inltia nano-scale lithography with the controlled step by coheren
atomic wave packet coherently into two main momenturicattering of an atomic wave packet.
components only by controllable way. It is needed both for Let's consider now a two level atom in a far detuned
increasing of atomic interferometer sensitivity and foe th standing wave with the intensity modulated in time Jas-
creation of periodic nano structures by atomic wave packét f(€, A - t, ¢o)cos(kx), wheree is an amplitudeA is the
lithography [1]. frequency of the modulation, ang is an initial modulation

The principal opportunity to split the beam in the mo-phase.
mentum space was demonstrated in [2], [3]. To achieve the
effective splitting, we apply the scheme of open-loop calntr
or feed-forward control, i.e. a control signal depends amly
the time. Our control goal is to obtain the large angle spitt ,
for the initial wave packet after some time of the interactio Q
between the atoms and the field of modulated standing wave :

__________________________ gy

Y, 2>
II. PHYSICAL BACKGROUND AND MATHEMATICAL . |
MODEL FORBEAM SPLITTING IN MOMENTUM SPACE

Atom lithography is an active field now a days. The
resolution of an optical lithography technology is limited
by diffraction, which for the case of deep ultraviolet light
approaches 200 nm. The progress of recent device technol o ey
ogy requires smaller patterning of 10 nm size. However,
when one tries to make very small devices, the resolution
of the resistance is limited by the spread of the secondary
electron in an electron beam lithography, as well as in X-ray
lithography. I .

The ability to generate ultracold atoms using lasers has | 1/
opened up new possibilities. The long de Broglie wave of
cold atoms makes possible an interferometric manipulation
with atomic wave packets, which is designed by an opticathe standing wave with the frequency applies between

S . , two states of atom system, where the state 1 is ground and
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the upper level in this system can not be neglected. Aftédynamics Eq. (3) can be re-written in the form:

some timet of the interactions between the atoms and the dyn(7)
field of the standing wave, the initial atomic wave packet is i (dT = (4n* 4+ Ry, (1) +
spllited in few coherent momentum components. R2
Dynamics of the atom in the modulated standing wave is +— [Yn-1(7) + Ynt1(7)] 4)
described with non-stationary Schroedinger equationtfer t o 2_ )
wave function®(r, t) of the two level atom: with the initial conditionsiyo(0) =1 ; yn0(0) =0.
Now we want to limit our shell number. In the case of
ihaw(rv t) = HYU(r,t), (1) five shells, we will omit the coefficients and16 in RHS of
ot Eq.(4), because the numerical meaningR¥f is about300

where H is a Hamiltonian which takes into account both(i.e. R? >>4 and16 ), and we have the following system
the atom movement along the standing wave and the dipod equations.

interaction between the atom and the optical field. For dyo () )

sufficiently large detuning, when it is much larger than Rabi i——— =R (yo(T) + (7)) ©)
frequency and the natural width of the atomic transition, dy (1), Yo(T)  ya(7)

Q >> Ry, ' (where R, is the Rabi frequencyl is the e R (yl(T) T T )
natural width of the atomic transition), the excited state 2 dys(T) ) y1(7)

can be adiabatically eliminated. As a result, we obtain the L T R (yz(T) + T)

equation for the amplitude of the probability of the ground

stateWy (, ¢): with initial conditions: y5(0) =1, y1(0) = y2(0) = 0.

L Oy (2,t) K2 We demand for the elder shellgis = y14 = ....... =0, for
th—p—— = —5—LeVi(z, 1) + any momentr.
R2 s 9 The solution of system (5) for constaftis given in [3].
+q (&, At do)] cos”(ka) W1 (2, 1) (2)  The splitting effect for the model df shells in the case of

wherem is the atom mass. constantR is shown in the following figure.

After the Fourier transform the same equation in the
momentum space is given by:

Za\Ijl(p7 T) _
or

R2
+7 [Pi(p+2,7)+P1(p—2,7)] , ®3)

(p* + R*)Wi(p,7) +

where B2
R2 _ 0
QQWR
wr = hk?/2m is called a recoil frequency, = wpt.
Here we normalised atom momentum alopgxis to ik
and the other quantities (the interaction time, the Ral
frequency and the detuning) we normalised to the recc
frequencywr. We have to point out that equations (2)-(3) are
valid in the approximation when both the changing of aton
momentum along:-axis and the initial value along-axis
can be neglected.

[f(e, (AJwr) - 7, )]

Ill. SHELL MODEL FOR THESPLITTING PROCESS
PARAMETRIC CONTROL

—-— s - ao

To explain the effect of splitting in the momentum spac
we start from the case of parametric control with a constal —— 2al
R. We invent a complex shell model fok;-function. Ini-
tially the atomic beam has a Gaussian distribution centere
at p = 0. Thus, from the structure of the RHS (3) we
can expect the non-zero meanings bf functions to be
concentrated in the neighbourhoods of the pojnts: 2n,
wheren = 0, +1, +2, .... Then we can predict the continuous
dependency op with the discrete numbert:

2a2

However, if the number of a shell is increased such that
4n? >> R? (i.e. for R ~ /300 we haven >> 10), then

R? in (4) can be excluded as a small parameter, and for the
elder shells

Uy (p+2n,7) = yu(7). Zdy;—y) ~ 4n2y, (1) (n >>10) . (6)



This function is almost independent of the neighbour shells
and it has the solution
—4in?r
Yn(T) = e 1Ty (0) . @)
But y,,(0) = 0 for any n # 0, thus, the elder shells do
not participate in the re-distribution of the initial Gaizss
population. Thus, the simple parametric control with the

fixed R is not enough to split the beam efficiently. Another
scheme of time-dependerit (corresponding to the most

general open-loop control) should be applied.

IV. SHELL MODEL FOR THESPLITTING PROCESS
TIME DEPENDENTR

Now we solve the system (5), and the solution is:

o) = e [2 + 2eos(Lg)]

3 3 2
)
) =[5 + eos(20)]
where
o= / R2(r)dr ®)

The corresponding population amplitudes of the shells
+1 and+2 are given by:

0o(r) = 1o () = &+ 2 [cos (L20)] "+

9 9 2
* % [COS(ge)} 9)
) = i () = 3 [sin(S20)
aalr) = (i (r) = & + eos(L20)] -
les(%509)]

Surely, the normalization
Go+a_1+a11+a_2+a42 =a0+2a; +2a2 =1

is satisfied for any momerit

V. DIFFERENTVALUES OF R(7)

Now we will investigate different cases for different vatue

of R(r).

2a2

The behavior of the model for the case
R(7)? = R2(1 + esin(AT))

is shown in the following figure,
whereR, ~ /300, ¢~ 0.7, A = 30.
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The behavior of the model for the case

We present the typical behavior of the model for the case R(7)? = R2(1 + ecos®(AT))

R(7)? = R%(1 + ecos(AT)) in the figure,
whereR, ~ /300, ¢~ 0.7, A~ 30.

is shown in the following figure,
whereR, ~ /300, ¢~ 0.7, A =~ 30.



Case-4:R(1)? = R%(1 + ecos®(AT));
Case-5:R(7)? = R%(1 + esign(cos(AT)));
whereR, ~ /300, ¢~ 0.7, A~ 30.

Thus the splitting effect is shown in the following
figure, which contains the elder shells of all the cases.

e 2al Case-5
—— Case— ]_
2a2
S Case_z
. Case-3
The behavior of the model for the case .

R(7)? = R2(1 + esign(cos(AT))); cases
is shown in the following figure,
whereR, ~ /300, ¢~ 0.7, A = 30.
VI. NUMERICAL SIMULATION RESULTS FOR OPENLOOP
CONTROL WITH HARMONICAL MODULATION

Now let us consider the two level atom in a far detuned
standing wave with an intensity, which is modulated in time
harmonically as

I = Iy(1 + ecos(At))?cos? (kz),

where ¢ is the amplitude andA is the frequency of the
modulation.

We assume also that an initial wave functi&n(p, 7 = 0)
has Gaussian profile with the widtp:

2

\ p
0 ; ‘ Uqi(p,7=0)= ex {— } . 10
0 0.0l 002 0.03 0.04 0.05 p ) Vo P (6p)p (10)

t

We remind that now we use the dimensionless time wyt.
_-—— a0 The following figures show the numerical solution of
an equation for amplitude of the probability of ground
state| ¥ (p, 7)|? in momentum representation for the cases
2a2 unmodulated and modulated standing wave. We assume that
initial wave packet has the width equalg = 0.54k and
The following figure demonstrates the influence of the shape= 0.8, A/wr = 29. As we can see from these pictures,
and the initial phase of the splitting effect for the follogi the scattering result strongly depends on the amplitude

———== 2al

cases, when modulation existing in this system. If for an unmodulated
Case-1: Parametric control (whéh= R, is constant); case, it is well-known scattering picture observed (Fig.a)
Case-2:R(7)? = R2(1 + ecos(AT)); when an initial wave packet is splitted into a number of

Case-3:R(7)? = R2(1 + esin(AT)); momentum components.
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FiGurRE . The dependence of the distribution function on an
atom momentum for an interaction time 7,y = 0.567. The
unmodulated standing wave with the dimensionless Rabi fre-
quency Ry = (320)"/2.

VII. CONCLUSIONS

In this paper we concentrated on the possibility to split an
atomic wave packet in standing wave with modulated ampli-
tude because this beam-splitter has a number of advantages
by comparing with others.

The first one is the simplicity for an experimental realiza-
tion because it is quite easy to obtain the time modulation
of intensity with any shape.

The second advantage is that the scale splitting of an
atomic wave packet can be controlled by changing the values
of both an amplitude and the frequency of the modulation.
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Such behaviour of the momentum components is due to
specific parametric resonance, which occurs in this system

by the well defined amplitude and frequency modulation.



