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We investigate the diffraction characteristics of an incident Gaussian beam cut by a straight edge bounding a

semi-infinite opaque plane using Kirchhoff scalar wave theory in the Fresnel limit, and propose a new and simple mirror

scheme to reflect atoms by using the intensity gradient induced by a blue-detuned semi-Gaussian laser beam. The

optical potential of the diffracted light of the knife-cut semi-Gaussian beam for 85Rb atom and its spontaneous emission

probability are calculated and compared with the performance of the evanescent-wave mirror. Our study shows that the

optical potential of the diffracted light of the semi-Gaussian beam is far higher than that of the evanescent light wave,

and the maximum normal velocity of the incident atoms can be far greater than that of the evanescent light wave under

the same parameters, so the blue-detuned semi-Gaussian beam, as a novel atomic mirror, can be used to efficiently

reflect cold atoms with a normal velocity of greater than 1 m/s. However, the intensity gradient (force) of the diffracted

light of the semi-Gaussian-beam is much smaller than that of the evanescent light wave, so its spontaneous emission

probability is greater than that from the evanescent-wave when the normal velocity of incident atoms is greater.
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1. Introduction

As early as 1929, Stern et al first demonstrated
the reflection and diffraction of atoms from metallic
and crystalline surfaces,[!! which can be regarded as
the beginnings of atom optics. In recent years, there
has been significant progress in atom optics. One of
useful atom-optical elements is an atomic mirror,?
which can be used to bend the atomic path in an
atomic cavity,®#! atomic holography and atom inter-
ferometer, even to focus an atomic beam onto a surface
for some applications in atom lithography or in a scan-
ning atom microscope. There are two approaches to
realize the reflection of atoms (i.e., to form atomic mir-
rors): the first one is the reflection of atoms from the
surfaces, which was first demonstrated almost 70 years
agol'! and now developed into a useful tool in surface

science;®) and the second one is the reflection of atoms

from repulsive potentials induced by optical electro-

[6—14] [15—20]

magnetic fields or static magnetic field.

In 1982, Cook and Hill first suggested an elec-
tromagnetic mirror scheme to reflect atoms by using
the gradient of the optical dipole potential induced
by a blue-detuned evanescent light wave.[®! Since
then, both theoretical and experimental studies of
atomic reflection from a general or a surface-plasmon-
enhanced evanescent wave have been performed,[7=13]
and the corresponding normally incident velocity of
an atomic beam was increased to ~100cm/s from
10cm/s. In particular, a novel reflection cooling of
sodium atoms in an evanescent light wave (ELW)
was proposed and demonstrated experimentally.['*]
However, since spontaneous emission of atoms in
the ELW causes momentum diffusion and results

in a broadening of the reflected atomic beam
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and also the severe loss of atomic coherence, a

kind of new atomic mirrors using static magnetic

field from a periodically-magnetized floppy,/*5—17]

(18]

or
periodically-arranged magnets, or a planar array
of current-carrying wires'92%1 were proposed and
demonstrated.['5=24 It is clear that there is no sponta-
neous emission effect of the reflected atoms from the
magnetic mirrors, but the fabrication of these mag-
netic mirrors is much more complex than that of op-
tical dipole mirrors.

It is well known that a blue-detuned and focused
Gaussian beam can also be used to reflect cold atoms
and form a Fabry—Perot interferometer!?®! or a Fabry-

(26] Tn particular, when a collimated and

Perot cavity.
blue-detuned Gaussian beam is focused by a cylin-
drical lens, an elliptical Gaussian beam (i.e., light
sheet) can be generated behind the lens, and used
to reflect cold atoms or form a pyramidal gravito-
optical trap,?” even to reflect the Bose-Einstein
condensates[®® as an atomic mirror. But these blue-
detuned beam mirrors have some disadvantages, such
as 1) a narrow mirror width (w < 0.2mm(*®), 2) a
poor surface flatness due to a Gaussian (or elliptical
Gaussian) profile, and 3) a low intensity gradient and
so on. However, when a blue-detuned and collimated
Gaussian (or elliptical Gaussian) beam is diffracted by
a semi-infinite plane, a semi-Gaussian beam (SGB) (or
semi-elliptical Gaussian beam, SEGB) can be gener-
ated and used to efficiently reflect cold atoms as a
simple and novel atomic mirror. Obviously, such an
atomic mirror can overcome the shortcomings men-
tioned above.

It seems that the idea of using a knife-edged light
beam as an atomic mirror is a common knowledge of
the scientists, but how are the diffracted intensity dis-
tribution of the SGB and its intensity gradient? In
what respect much does the maximum mean normal
velocity of the incident atomic beam reflected by the
SGB reach? How is the SGB mirror different from the
ELW mirror in their performances? So far no answer
has been given to these questions, and nobody has pro-
posed the idea of using a blue-detuned SGB to reflect
cold atoms. On the other hand, as early as 1969, the
diffraction of Gaussian laser beam by a semi-infinite
plane was calculated and measured.[?°! After this, this
diffraction question was further studied both theoreti-
cally and experimentally.[”! In these studies, only 1D
diffracted intensity distribution was calculated, and
nobody has given a simple theoretical model to de-

scribe the diffracted intensity distribution and discuss

the potential applications of the SGB in atom optics.
Therefore, it would be interesting and worthwhile to
study these questions and compare the performances
of the SGB mirror and ELW mirrors, and discuss the
potential applications of the SGB mirror in atom op-
tics.

In this paper, we propose a new mirror scheme
to reflect atoms by using a blue-detuned SGB, and
study the performance of this mirror. We also com-
pare performances of the SGB and the ELW atomic
mirrors. This paper is organized as follows: In Sec-
tion 2 we propose a new atomic-mirror scheme, and
describe the generation of a semi-Gaussian beam and
its principle to reflect atoms. In Section 3, we cal-
culate the relative diffracted intensity distributions of
the SGB, and study the dependence of the intensity
distributions on various parameters, such as the beam
waist w, the transverse position y and the propaga-
tion distance z. We also perform the numerical fitting
for the diffracted intensity distribution of the SGB in
the z direction. In Section 4, the optical potential
of the diffracted light of the SGB for 3Rb atoms is
calculated, and the maximum normal velocity of inci-
dent atoms and its spontaneous-emission probability
are estimated. A comparison of performances of the
SGB and the ELW mirrors is given. Main results and
conclusions are summarized, and some potential appli-
cations of the SGB in atom optics are briefly discussed

in the final section.
2.A new scheme of atomic mirror

The principle scheme to generate a semi-Gaussian
beam (SGB) is shown in Fig.1. A Gaussian beam is
propagating along the z direction, and its electric field

distribution is given by

22 4 42
Ecp(z,y,z) =Epexp { - TZ)Z]
2 .2
X exp{ - i[kz + k% - !7(2)} },
(1)
and
2
w(z) =woq [1+ j—z,
0
20 = ywf, (2)

A
where Eq = /Iy = \/Py/7/w(z), Py being the power

of the incident Gaussian beam, k = 27/ the wave
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number, and ¥(z) = tan"'(z/z) is a phase shift
due to the beam geometry. w(z) and wp are the

beam waists at z plane and z=0 plane, respectively.

2
R(z)=z |:1 + Z—g} is the curvature radius of the phase
z

front.
2]
€T
/l 100mm 1
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Fig.1. Principle scheme for generating a semi-Gaussian

beam to form an atomic mirror.

When the straight bottom edge of a semi-infinite
plate is vertically inserted into the Gaussian beam
at z = —zy with the position of the edge coincid-
ing with the centre of the beam, the upper half of
the beam above the yoz plane is intercepted, and a
semi-Gaussian beam (SGB) with a horizontal and up-
ward surface will be generated after z = —z5. In
this case, the yoz plane of the SGB at =0 is sim-
ilar to a specular surface of an optical mirror (here
the yoz plane is defined as a mirror surface or called
the yoz reflecting surface), and its intensity distri-
bution along the z direction will be determined by
the straight-edge diffraction of the semi-infinite plate.
When the incident Gaussian beam is blue-detuned,
the yoz reflecting surface of the resulting SGB will
generate a strong repulsive dipole force for neutral
atoms, which can be used to form a simple atomic mir-
ror. In Fig.1, the semi-infinite opaque plate is placed
at z = —zg = —100mm, the diffracting aperture is
defined as o = (z
plane vertical to the SGB at any propagation position

:0 = 00,y : —00 — o), and a

z is defined as diffracted plane.

3. Theoretical

analysis

calculations and

3.1. Intensity distribution I(z) in the diffrac-
tion plane vertical to the SGB

From the Fresnel diffraction theory, the relative
electric-field distribution in the diffractive plane per-
pendicular to the SGB at the propagation distance

zo=100mm (i.e. at z= 0mm) behind the semi-infinite

plane aperture is given by

12/\E0/ / Egp (&, 2)

XeXp{zz[(w—i) + (y—n) ]}d§d7h
(3)

where FEgp is the electric field distribution of the

Gaussian beam and given by Eq.(1), and the corre-

Esgr(z,y, 2)

sponding relative intensity is written as

I($7 Y, Z)/IU :ESGB(mv Y, Z)EgGB(ma Y, Z)

=|Bsc(z,y,2)[ . (4)

From Egs.(1)—(4), we calculated the relative in-
tensity distribution I(x)/Iy in the diffractive plane
vertical to the SGB along the x direction, and the
result is shown in Fig.2 (see curve C). It is clear
from Fig.2 that the relative intensity distribution near
the yoz reflected surface of the SGB in the z direc-
tion is very steep and the maximum relative inten-
sity is increased to ~ 1.342 from 1.000 (i.e., enhanced
by ~ 34 %).

ent near the yoz surface of the SGB is far greater

This shows that the intensity gradi-

than that of the Gaussian beam (or elliptical-Gaussian
beam). Moreover, the oscillated intensity distribution
after the maximum intensity position x); results from
the diffraction of straight edge of semi-infinite opaque

plane.

1.44
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1.04
A plane wave

0.81 B rect wave

0.64 € Gaussian wave

I/
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Fig.2. Relative diffracted intensity distributions I(r)

of a semi-plane wave (curve A), a semi-rectangle-

profile beam (curve B), and a semi-Gaussian beam

(curve C).

As a comparison, we also calculated the rela-
tive intensity distributions I(z)/Io in the diffracted
plane of a semi-infinite plane wave (SPW) and a semi-
rectangular-profile beam (SRB), and the results are
Here the field

shown in Fig.2 (see curves A and B).
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distributions of the plane wave and rectangular-profile

beam are described as, respectively,
EPW(x,y,Z) = AO (5)
and

AO $2 + y2 S a,
ERB(CU,y,Z) = (6)
0 2 +y2 > a,

where Ag is the maximum field amplitude, and a is
the radius of the rectangular-profile beam.

So the electric field distribution of the plane wave
diffracted by the semi-infinite plane aperture is given

by

1 .
ESPW(ZC, Y, Z) =Ap EEXp(lkz)

X /Ooo exp [1%(:5 —¢)?]ds
x /Oo exp {i%(y n)Q]dn (7)

— 00
and the electric field distribution of the rectangular-
profile beam diffracted by the same semi-infinite-plane

aperture is

1 .
Esgp =4, @exp(lkz)

a ,
i— — d
x/exp[lz (CC §) :| S
0

a

« [eslinty—nPan
“a

It can be seen from Fig.2 that the maximum
relative intensities of the diffracted plane wave and
rectangular-profile beam are ~1.370 and ~1.368 re-
spectively, which are nearly equal to that (~1.342) of
the diffracted Gaussian beam, and the maximum in-
tensities of three beams occur at the same position
(zM=0.24mm). This shows that the intensity gradi-
ent near the yoz surface of the SGB is the same as that
of the SPW and SRB. Of course, the oscillating inten-
sity distributions of the three beams after the max-
imum intensity position (23=0.24 mm) are different,
in which the decay of the oscillating part of the SGB

is determined by its beam waist w.
3.2. Relationship between diffracted intensity
I(x) and beam waist w

The dependence of the relative intensity distribu-
tion I(z) /Iy of the SGB diffracted light on the waist w

of the Gaussian beam was studied, and the results are
shown in Fig.3. In our calculation, we assumed that
the propagation distance zo=100mm (i.e. z= 0mm)
and the beam waists w are 1 mm, 2.5 mm, 5mm, and
10 mm, respectively. We can find from Fig.3 that with
the increase of the beam waist w from 1 mm to 10 mm,
the maximum relative intensity will be increased from
~1.25 to ~1.37, and the decay of the oscillating part
after the maximum intensity position zy; becomes
slower. This shows that the intensity gradient near
the yox reflecting surface of the SGB is almost not
related to the beam waist w of the incident Gaussian
beam, whereas the waist w only slightly affects the

maximum normal velocity of incident atoms.

1.4+
1.2+
1.04 wi=10.0mm
0.8 1
s ] _
= 061 wo=>5.0mm
0.4 1
0.2 1 w3=2.5mm
0.0 9
J w4 =1.0mm
-0.2 T T T T T T
-1 o] 1 2 3 4
z/mm

Fig.3. Relative diffracted intensity distribution I(r)
of the semi-Gaussian beam with the different beam

waist w at the propagation distance z =100 mm.

3.3. Relation of diffracted intensity distribu-

tion I(z) with coordinates y or z

To know the performance of whole yoz surface of
the SGB as a mirror surface, we calculated the rel-
ative diffracted intensity distributions I(x)/I at dif-
ferent transverse position y and different propagation
distance z, the results are shown in Fig.4. In the cal-
culation of Fig.4(a), we assumed that the propaga-
tion distance zp=100mm (z=0mm), the beam waist
w is 10 mm and the transverse position y is chosen to
be Omm, +1.0mm, +1.5mm, £2.0 mm, respectively.
From Fig.4(a), we can see that when the transverse
position y is increased from 0 mm to 2 mm, the maxi-
mum relative intensity (at zpy= 0.24) slowly decreased
from 1.37 to 1.26. If the maximum relative intensity is
decreased to 1.00 from 1.37, the corresponding trans-
verse position y, is defined as the half width of the
SGB mirror. For example, when the waist w of the
Gaussian beam is 10 mm, the width (2y,,) of the SGB

mirror will be limited to 8 mm (i.e. y,, = +4.0mm),
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which is wide enough to reflect an atomic beam as an

atomic mirror.
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Fig.4. Relative diffracted intensity distributions I(r)

of the semi-Gaussian beam with (a) the different y

value for the beam waist w=10mm and at the prop-

agation distance z =0mm, (b) the different propaga-
tion distance z for the beam waist w=10mm and the
transverse position y=0mm.

Similarly, Fig.4(b) shows the three-dimensional
relative intensity distributions I(z)/Iy near the yoz
reflected surface of the SGB as a function of the co-
ordinate x at different propagation distance z for the
beam waist w=10 mm. It can be seen from Fig.4(b)
that with the increasing of the propagation distance z,
the maximum relative intensities and their diffracted
intensity distributions are not changed. This shows
that the length of the SGB mirror has not any limit.

So our SGB mirror proposed here has a very smooth

and infinitely-large specular surface.

3.4. Numerical fitting for the diffracted inten-
sity of the SGB

In order to calculate the optical potential of the
diffracted light of the blue-detuned SGB for the re-
flected atoms and its dipole force and spontaneous-
emission probability, we performed numerical fitting
for the relative diffracted intensity I(z)/Iy before the
maximum intensity position zp= 0.24dmm for w=
1mm, 2.5mm and 5mm, and the results are shown

in Fig.5. In our fitting, we used a Boltzmann equa-

)

to fit the numerical results from Egs.(3) and (4). In
Eq.(9), A1, Aa, 29, and d, are the four fitting parame-

tion
A — A,

Isap(z)/Io =
14+ exp<

+ Ay 9)

I — XIg

X

ters and are shown in Table 1. We can find from Fig.5
that there is good agreement between the results nu-
merically calculated from Eq.(4) and the theoretical
model from Eq.(9).

1.4+
1.24
1.0
0.8

0.6

I/Io

0.4
0.2

0.0 1

-0.2
-0.6

-0.4 0.2 0.4

Fig.5. The solid curves are the theoretical curves from
Boltzmann Eq.(6), and the black dots are the calcu-
lated numerical results from the Eq.(3) for the beam

waists w= 1.0mm, 2.5 mm and 5.0 mm, respectively.

Table 1. Fitting parameters for diffraction intensity distribution.

w/mm 1.0 2.5 5.0 10.0
Ay 0.01706 0.01670 0.01665 0.01664
As 1.63857 1.81751 1.84564 1.85278
B 0.13182 0.14277 0.14436 0.14476
dy 0.07390 0.07491 0.07504 0.07508

4. Comparison of performances of

the two mirrors

4.1. The absolute intensity distribution I(z)

near the mirror surface of the SGB

From Eqgs.(3) and (4), the absolute intensity dis-
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tribution I(z) near the yoz reflecting surface of the

SGB is rewritten as

I(xa Y, Z) :IO |ESGB(x7 Y, Z)‘z
P

e |Esgr(z,y,2)|*. (10)

Figure 6(a) shows the

diffracted intensity distribution on the power of inci-

dependence of the

dent Gaussian beam P, for the beam waist w= 10 mm
and z=0mm. It can be seen from Fig.6(a) that when
P,=1W, the maximum intensity is ~430mW /cm?;
while the laser power Py is decreased from 1W to
0.1W, the maximum intensity will be reduced from
430mW /cm? to 43mW /cm?. Figure 6(b) shows the
relationship between the diffracted intensity distri-
bution and beam waist for the laser power Po=1W.
When the beam waist w=10mm, the maximum in-
tensity is ~430mW /cm?®; while the beam waist w
is decreased from 10mm to Ilmm, the maximum
intensity will be increased from ~430mW/cm? to
4x10*mW /cm?. From Fig.6, we know that in order
to efficiently reflect atoms from our SGB mirror, we

should choose a suitable beam waist and a high power

1 (a)
400 -
—~ 300 P=1W
«
é 1 w=10mm
S~
Z 200
g ] P,=0.5W
S 00
1 m
P3=0.25W
Ps=0.1W
O_
p . . .. T T
4x10%
& 3x1044
g
Q
S~
B 2x10%
&
S~
—
1x10%
0
T T T T
-0.5 0.0 0.5 1.0
z/mm

Fig.6. Absolute intensity distribution of the semi-
Gaussian beam as a function of the coordinate z for (a)
different laser power Py and the beam waist w= 5mm,

(b) different beam waist w and laser power Py=1W.

so as to obtain a reflected intensity as high as possi-
ble. In addition, if the SGB is focused by a lens with a
short focal length, we can obtain a focused SGB with
a higher intensity gradient, which can be used to form
a more efficient atomic mirror.

In the reflection of atoms from an evanescent light
wave (ELW), if an incident Gaussian beam is totally
internally reflected at a dielectric-vacuum interface,
the electric field of the ELW decays exponentially
as[l?;]

E'(z,y,z) =Epexp[—az — (y/w,)* — (z/w,)?]
x explik,z], (11)

where = and y,z are the coordinates perpendicu-
lar and parallel to the interface, respectively, and
FEy is the maximum electric field amplitude, a =
2771-\/ n2sin? ©® — 1, O is the incident angle of the
Gaussian beam and n the refractive index of the me-
dia. k. is the wave vector k parallel to interface, and
wy and w, are the Gaussian beam waists in the y and z
directions. When ©=45° the corresponding intensity

of the evanescent light wave is given by

P
I(z,y,z2) —mexp[—2am]
292 222
X —_ - —. 12
ow |25 o

Obviously, the maximum intensity of the evanes-
cent light wave will be smaller than that of the SGB
with the same parameters of incident Gaussian beam.

It should be noted that the field intensity of the
ELW can be enhanced by more than an order of
magnitude by using surface plasmon (metal-dielectric

(10,13,31] o1 djelectric coating (multilayer di-

interface)
electric structure),[32*33] and these intensity-enhancing
factors are strongly dependent on the detuning of
the incident beam, whereas for a free-space beam no
such enhancing techniques are available, but the in-
tensity of the SGB can also be enhanced by chang-
ing the shape of the cross section of the incident
Gaussian beam under the condition of the specu-
lar area of the SGB mirror being unchanged. Such
as, when an incident Gaussian beam with a waist of
wo=10mm is replaced by an elliptical Gaussian beam
with wyo=10mm and w;=10pum, a semi-elliptical
Gaussian beam (SEGB) will be generated, and the
intensity of the SEGB will be enhance by 1000 times,
while the specular area of the mirror will be not
changed. Therefore, the intensity of the SGB (or
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SEGB) can be always far greater than that of the
ELW (or intensity-enhanced ELW) under the condi-
tions of the same beam parameters (i.e., geometric
sizes and power) and identical large detuning (i.e., for
far-off-resonant beam) for reducing the spontaneous

emission rate of cold atoms in the light.

4.2. The optical potential of the SGB mirror

for ¥Rb atoms

An atom in a non-uniform electromagnetic field
is acted on an optical dipole force proportional to the
induced dipole moment of the atom and the gradient
of the light field. It is well known that the reflection
of a two-level atom from an SGB or an ELW mirror
may be treated as the motion of an atom in an optical
potential field, which can be described as[34l
__hA I(x)/Is

U(x)f7ln l+m )

(13)

where I(z) is the intensity distribution in the nor-
mal direction of the SGB reflecting surface or ELW
mirror, which can be given by Eq.(10) or Eq.(12).
The parameter A = wp, — wp denotes the detuning
of laser frequency (wp) from the atomic resonance
(wo). In our calculation, we chose A = 1 x 2nrGHz
and used the following parameters: the saturation
intensity Is = 1.6mW/cm?, the natural linewidth
I' = 27 x 6.1MHz, and the wavelength A\ = 780nm
for 5Rb atom.

Figure 7 shows the optical potential for ®°Rb
atoms as a function of the normal position x for several
beam waists (w= 1.0mm, 2.5 mm, 5.0mm, 10.0 mm).
When the detuning A = 1 x 27rGHz and the laser
power is 1W, the maximum optical potential will be
decreased from 5.4mK to 66 pK as the beam waist
w is increased from 1mm to 10mm. As expected,
the height of the potential barrier falls rapidly with
the increase of the beam waist w. Our calculation
shows that if the detuning is reduced, the optical po-

tential will be greatly increased, but the spontaneous-

emission probability will also be greatly increased,

which will be discussed in next subsection.

6
1 w1 =1mm
5_
g ]
g 41 P=1.0W
= B
) A=1x27GHz
FEEE
O
s
)
=1 2 4
I
2 wy=2.5 mm
2 14
o w3z=5mm
01 wqe=10mm
T T T T T T

0.3 0.4

Fig.7. Optical potentials of the SGB diffracted light
for 8°Rb atoms for different beam waist w, the laser
power Pp= 1W and the detuning A = 1 x 2rGHz.

From the energy conservation (Ex = FE}), when
the spontaneous emission effect of atoms during the
reflection can be neglected, the maximum mean nor-
mal velocity v, of the incident atomic beam reflected
by the blue-detuned SGB can be defined as,*!

1
Holm) |

U1l max — |: m

where m is the atomic mass. Table 2 shows the cor-
responding maximum reflected normal velocity of the
incident atoms for Py=1W and A=1x27GHz. It is
clear from Table 2 that the maximum normal-velocity
of the incident atoms reflected from the SGB mirror is
far greater than that from the ELW mirror, and when
2w=>5.0mm, the maximum reflected normal-velocity
from the SGB mirror is ~ 0.9m/s. When the inci-

[10]

dent angle 6 of atomic beam is 1.5mrad,!*” the maxi-

mum grazing-incident velocity v; = vi(égx /sin 6 of the
atomic beam reflected from the SGB mirror can reach

~ 600m/s.

Table 2. Maximum reflected normal-velocity of the incident atoms.

w/mm 1.0 2.5 5.0 10.0
vSGB /m.s~1 1.5474 0.8959 0.5172 0.2764
max
vEW  /ms7! 0.9775 0.3910 0.1955 0.0977

max

4.3. Comparison of optical potentials of the two

mirrors

It is well known that when an atom approaches

a medium surface, it will experience an attractive po-

tential from the surface, which is so-called van der
Waals attractive potential. For two-level atoms, the
total potential Uy from the evanescent wave mirror is

the sum of the repulsive optical potential U,y and the
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attractive van der Waals potential U, 4., and is given
by
Ut = Uopt + Uvdwa (15)

where U, is given by Egs.(12) and (13), and the van
der Waals attractive potential can be written in a sim-

ple form as!3®!

3 n?—1 &Kl

Uvdw(T) = _ETF—HW7

(16)

where f and k are the oscillator strength (=0.67) and
the wave number, respectively.

From Egs.(12)—(13) and (15)—(16), we calculated
the total potential Uy from the evanescent wave mir-
ror, the results are shown in Fig.8. It is clear from
Fig.8 that with the increasing of the beam waist
w from 1mm to 10 mm, the total potential will be
greatly reduced from 1.48mK to 23uK, which are far
smaller than that from the SGB mirror (see Fig.7).
Figures 7 and 8 show the comparison of optical po-
tentials of the SGB and ELW mirrors.

from Figs.7 and 8 that with the same beam param-

We can see

eters such as Pp= 1W and w=5mm, the maximum
height of optical potential from the SGB mirror is 3
times higher than that from the ELW mirror, but the
decay of the evanescent wave potential with the coor-
dinate z is much faster than that of the SGB mirror.

2.0
ME ] P=1.0W
= 109 A=1x2rGHz
3 b
E
£ 0.0+
Q‘ —
E
5 710 -
Q‘ o
o ._
~2.0 4

T T T T T T T

0.0 0.5 1.0 1.5 2.0 2.5
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Fig.8. Total potential of the evanescent light wave

for 85Rb atoms for different beam waists w, the power
Py=1W and the detuning A =1 X 2rGHz.

From Egs.(15) and (16) or Fig.8, we can see that
the attractive van der Waals potential greatly reduce
the repulsive optical potential in the vicinity of the
inner surface. If the kinetic energy of an 3°Rb atom
approaching the inner surface is greater than the max-
imum value of the total potential, the atom will cross
the potential barrier and will hit the surface and then
stick there with high probability. Only the atoms hit-

ting the evanescent wave close enough to the centre

of the Gaussian beam will undergo a light shift large
enough to reflect them.

4.4. Comparison of intensity gradient forces of

the two mirrors

Using the optical dipole force from a blue-detuned
inhomogeneous light field to reflect the atoms is the
most promising physical realization of an atomic mir-
ror, where the dipole force acting on the atoms is pro-

portional to the field gradient

oU (z)

F=-VU(z)=-—
X

(17)

Figure 9 shows the comparison of intensity gra-
dient forces (i.e. optical dipole forces) of the SGB
and ELW mirrors for Pp=1W, w=5mm and A =
1x27GHz. It can be seen from Figs.9(a) and 9(b) that
under identical conditions, the optical dipole force
from the SGB mirror is ~ 7.5 x 10722N, which is
greater than the gravity force (mg) by ~ 1.5 x 10°
times and smaller than that from the ELW mirror by
~ 160 times, and the decay of the ELW dipole force
with the coordinate x is much faster than that of the
SGB dipole force.
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A=1x27GHz
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@
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Force/107?3N

0.0 0.5 1.0 1.5 2.0 2.5

z/pm

Fig.9. Comparison of the gradient forces of (a) the
SGB mirror and (b) evanescent light wave for the laser

power Pp=1W and the beam waist w=2.5 mm.
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4.5. Comparison of spontaneous emission prob-

abilities of the two mirrors

Spontaneous emission is a main disadvantage
of optical-dipole atomic mirror because spontaneous
emissions cause momentum diffusion, leading to a
broadening of the reflected atomic beam and also de-
stroy the mutual coherence between the incident and
the reflected de Broglie matter waves.[!2!

When an atom with a mass m and a velocity
v, perpendicular to the reflecting surface enters into
an inhomogeneous light field with a laser power Py
and a detuning A, it will absorb some photons and
then make corresponding spontaneous emissions, and

its spontaneous-emission probability can be estimated
by!3¢]

va_:vapd]")’ (18)

Pspzl—exp<— A
where z,,q is the averaging penetrated depth of the
reflected atom in the light field.
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Fig.10. Spontaneous emission probability Psp of the
reflected 8°Rb atoms from the SGB and EW mirrors
for the detuning A = 1 X 2rGHz and the beam waist
w= 1mm.

0.0 0.2

From Eq.(18), we calculated and compared the
spontaneous-emission probabilities Py, of the reflected
atoms from the SGB and ELW mirrors, the results are
shown in Fig.10. It is clear from Fig.10 that when the
beam waist w is small, such as w= 1 mm, the spon-
taneous emission probability of the reflected atoms
increased with the mean normal velocity of incident
atoms, but the increase of the spontaneous emission
probability of the reflected atoms from the SGB mirror
is much faster than that from the ELW mirror, and the
two curves cross at the velocity of ~ 35cm/s. More-
over, the spontaneous emission probability PSSpGB of
the reflected atoms from the SGB mirror is lower than
that (P5W) from the ELW mirror at lower normal ve-

locities (such as below 35cm/s), whereas the PSP

EW
P,

35cm/s). This can be explained as follows: the opti-

is greater than at higher velocity (e.g., above
cal potential of the SGB mirror for the reflected atoms
is far higher than that of the ELW mirror, the mean
penetrating depth wgﬁf
locity in the diffracted light of the SGB is smaller than
that (xfgg) in the ELW light, so the PS%® will be
lower than the PS%W at the lower velocity. While the
normal velocity of the reflected atoms is higher (e.g.,

above 35cm/s), the 2598 will exceed the zEW since

apd apd
SGB EW
F FEW,

of the atoms with a lower ve-

the dipole force is far smaller than the SO
the PSSPGB will be higher than the PS%W at the higher

velocity.

5. Conclusions and discussions

A new and simple atomic mirror scheme using
blue-detuned semi-Gaussian beam is proposed. We
have calculated the diffracted intensity distribution
from the SGB reflecting surface and its optical po-
tential for 8°Rb atoms, and estimated the maximum
normal velocity of the reflected atoms from the SGB
and its spontaneous emission probability. We have
also compared the performances of the SGB and ELW
mirrors, and the main results and conclusions are as

follows:

1) The relative diffracted intensity of the SGB
reflecting surface is increased by ~ 34 %, and its
intensity gradient is nearly the same as that of the
semi-plane wave or the semi-rectangular-profile beam
and far greater than that of the Gaussian beam or
elliptical-Gaussian beam, so a blue-detuned SGB can
be used to efficiently reflect atomic beam as a novel
atomic mirror, and the area of the SGB reflecting sur-
face can be equal to a width of 4/5w times an infi-
nite length. Under the same parameters of incident
Gaussian beam, the performances of the SGB mirror,
such as the area and smoothness (or flatness) of spec-
ular surface, are much better than that of the ELW
mirror (or the Gaussian-beam mirror). Strictly speak-
ing, a blue-detuned Gaussian beam (including focused
Gaussian beam) or an elliptical Gaussian beam can-
not be used as an atomic mirror because they have

not a smooth specular surface with definite size.

2) The optical potential of the SGB mirror for
neutral atoms is far greater than that of the ELW mir-
ror with the same beam parameters, so the maximum
normal velocity of incident atomic beam (6 = 90°)
reflected from the SGB mirror can be greater than

1m/s when the laser power Py=1W, the beam waist
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w=1 mm and the detuning A=1x27wGHz. In this case,
when the incident angle 6 of atomic beam is changed
to ~1Imrad, the maximum grazing-incident velocity of
atomic beam can be greater than ~ 600m/s, which is
much higher than that reflected from the ELW mirror.

3) The intensity gradient of the ELW mirror and
its dipole force are greater than that of the SGB mir-
ror by ~ 160 times with the same beam parameters.
When the normal velocity of the atoms is greater (such
as greater than 35cm/s), the spontaneous emission
probability of the reflected atoms from the ELW mir-
ror is lower than that from the SGB mirror. However,
when the normal velocity is lower, spontaneous emis-
sion probability from the ELW mirror is always higher
than that from the SGB mirror, this is because the
optical potential of the SGB mirror for the reflected
atoms is far greater than that of the ELW mirror.
In addition, the creation of the SGB mirror is sim-
pler than that of the ELW mirror, and the use of the

SGB mirror and its manipulation and control for cold
atoms in vacuum chamber are also more convenient
and flexible than that of the EW mirror.

In short, the performance of the SGB mirror is
better than that of the ELW mirror when the normal
velocity of incident atoms is comparatively low (e.g.,
below 35 cm/s). Therefore, our proposed SGB mirror
cannot only be used to efficiently reflect the atomic
beam, but also has some other applications in atom

E.g., it can be used to form an atomic op-
[25,26]

optics.
tical cavity (F-P cavity), an atom grating and
an optical conveyor belt”) for cold atoms; it even
may be used to trap cold atoms or cool neutral atoms
by intensity-gradient cooling from the SGB itself,>8!
and so on. Moreover, due to ac Stark effect, such a
SGB mirror can also be used to reflect cold molecular
beam, even to manipulate and control the motion of

cold molecules, and so on.
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