Deep focusing of an atomic beam in the Angstrom region by laser radiation
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A potential field whose action is similar to that of the objective lens in electron optics is found for
an atomic beam regarded as de Broglie waves. The main properties of the focusing potential field
are determined: the maximum resolution, the focal length, and the aberrations. The distribution
of the atom density in the focal plane is calculated. The feasibility of producing an atomic

microscope is discussed.

1.INTRODUCTION

Microscopy with spatial resolution in the angstrom re-
gion makes use of electrons,' x-ray photons,” and neutrons.’
We call attention in the present article to the possibility of
using beams of neutral atoms for the very same purpose. The
key to implementation of this idea is the possibility of focus-
ing an atomic beam into a spot several A in size by using a
laser field of definite configuration, power, and frequency.
This possibility of deep focusing of an atomic beam is a logi-
cal step forward in laser methods of controlling the motion
of neutral atoms, methods actively developed in the last few
years.*”’

The main idea can be easily understood by considering
the analogy between optics and, say, electron optics.

To obtain an image in any electron-optical instrument it
is necessary to determine the distribution of the electron-
current density in the image plane. The connection between
the current-density distributions in the object plane and in
the image plane can be established by classical mechanics.
This approach neglects diffraction effects, which become es-
sential for maximum resolution. The construction of the im-
age can be considered from the standpoint of wave mechan-
ics. In this approach it is necessary to consider the wave
function of the employed particles, which in fact determines
completely the current-density distribution. This problem
was considered many times for electron microscopy.' It was
shown that a complete analogy exists between the solutions
of the image construction problem in optical and electron-
optical instruments. In the case of the microscope, the prob-
lem reduces in essence to a determination of the current den-
sity in the focal plane of the objective.

In the present paper we consider an atomic beam in the
form of de Broglie waves, and find next a potential field
whose action is similar to the action of an objective lens in
optics or electron optics. This is followed by calculation of
the field distribution in the focal plane of the objective, using
the above analogy between optics and electron optics, and
determination of the characteristics of the objective, i.e., of
the potential field, viz., the focal length, the relative aper-
ture, the aberrations, and also the possibility of its realiza-
tion by modern laser techniques.

2.LASER OBJECTIVE LENS FOR AN ATOMIC MICROSCOPE

In the theory of the optical image,® the ideal objective is
a transparency having the following phase transmission
function:
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T (z, y)=exp [—ik(z*+y*)/2f], (n

where k = 277/ and f'is the focal length of the objective. A
light beam passing through such a transparency acquires an
additional phase shift equal to k(x? + y*)/2f.

Our task is to find a potential field in which the phase
shift of the wave function (of the de Broglie wave) is also
determined by Eq. (1), where k = 27/A 5. We know that if
the de Broglie wavelength A, is short compared with the
characteristic dimensions that determine the conditions of
our problem, the properties of the system are close to classi-
cal. The wave function of an atom is given in the semiclassi-
cal approximation by®
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where C is a constant, p(z) = [2M(E — U(z))]'/? the mo-
mentum of the atom, M its mass, £ the total energy, and
U(z) the potential energy of the atom. We consider hereafter
motion of an atom in a quasiresonant laser field, i.e.,
¥<A =0, —w, A=y(I/I,)"?, where 2y is the homogen-
eous width of the atom’s resonant absorption line, w; the
frequency of the laser radiation, w, the frequency of the
atomic transition, / the laser-emission intensity, and I, the
saturation intensity of the atomic transition.

The potential energy in a laser radiation field is given
bylo

hA
U=-é—ln(1+p), (3)
where
_Ix /(Y )
P—Tuz —4-+A

is the saturation parameter of the atomic transition. The
phase shift of the wave function (1) on the potential (3) is

A¢=Aq>n_Aq30

1 1, 1
=ﬁ—5p"(z)dz—7j.p (z)dz=ﬁ-—j U(z)dz, 4)

where Ap, and Ag, are respectively the phase shifts with
and without allowance for the field, and <J, is the atom veloc-
ity along the z axis.

We can easily imagine a laser field in which the phase
shift of the wave function takes the form of the argument of
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the exponential in Eq. (1). Such a field should have a satura-
tion perameter with the following dependence on the trans-
verse coordinate:

p(z, y)=p(p)=-exp (p*/po*) —1. (5)

In fact, using expressions (3)—(5), we obtain

A@=const p>. (6)

It is impossible to produce a laser field with a saturation
parameter in the form (5), since the intensity increases with-
out limit with increase of p, and the total power is infinite.
One might attempt to produce a field in which the intensity
is a maximum at the center and which also meets the condi-
tion (6). In such a field, however, the atoms will move pre-
dominantly in these regions with maximum intensity and
this, as will be shown below, leads in the quasiresonant state,
in view of momentum diffusion, to smearing of the image.
From among the presently known laser-field configurations,
the TEMY, transverse laser mode near the beam propagation
axis comes closest to the ideal field (5). The radiation inten-
sity in the TEMg mode is given by'' (Fig. 1)

w,’ r?

0 2r‘
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where w is the radius of the laser-beam neck in the z=0
plane, w?(z) = wj (1 4 z>/z% ) is the dimension of the beam
in the z plane, zz = (7/A) wj is the Rayleigh length, and
I, = P,/2mww}, and P, is the radiation power.

Consider now the motion of the atoms along the z axis,
which coincides with the propagation axis of the laser beam
(7). For paraxial optics (p = r/w(z) €1) and when the con-
dition p < 1 is met, the expression for the phase shift of the de
Broglie wave in a laser field of form (7), with the exponential
expanded up to fourth-order terms in p, takes the form

2 2

T Azap [1 ~_1_( 1%
0, 2 2
where @ = Py /mI,A*w}.
The phase shift is found to be proportional to the square
of the radius. The terms proportional to p*> and p* in the
square brackets can be neglected in first-order approxima-
tion (p<1). In this approximation the field (7) acts on the
atomic beam as an ideal objective with resolution deter-
mined by the de Broglie wavelength and by the numerical
aperture. The terms in the square brackets describe spherical

aberrations of fourth and sixth order, respectively.

I(r,z)=41

Ap= )pz+%(1—4a)p‘], (8)

FIG. 1. Laser-field configuration for the focusing of an atomic beam, and
the de Broglie wavelength; a—locations of the laser atom beam; b—trans-
verse profile of the intensity of the laser-field TEMg, mode.
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From a comparison of the phase shift (8) with expres-
sion (1) for the transmissivity of an ideal objective we obtain
the focal length of the atomic lens:

p=(igr) o) (). o

The expression in the first parentheses is determined by the
parameters of the laser beam, that in the second by its caus-
tic, and that in the third by the atomic parameters. We can
write for the focal length in terms of the longitudinal velocity
of the beam atoms the expression

= (32 o (2002, =

3.RESOLUTION OF ALASER OBJECTIVE LENS FOR AN
ATOMBEAM

The resolution of a laser objective lens is determined
mainly by the following four factors: 1) the diffraction of the
atom by the aperture that limits the transverse dimension of
the atom beam; 2) the momentum diffusion, due to spontan-
eously reradiated photons; 3) the chromatic aberration due
to the strong dependence of the focal length on the atom
velocity; 4) the spherical aberration produced when a real
laser field is used. Let us examine the influences of these
factors on the resolution:

a) Diffusion aberration

When an atom interacts with quasiresonant radiation,
the latter can absorb and spontaneously re-emit, the laser-
field photons. Assuming spherical symmetry of the emitted
spontaneous photons, the change of the transverse momen-
tum of the atom is equal to

Ap, = (2N/3)"hk=H#HAk 3, (10)
where Ak } is the change of the transverse component of the
de Broglie wave vector. If the diameter of the atom beam is

2d, we obtain for the diffractive transverse range of values of
the wave vector

Ak% =1/2a.

1
The diffusion aberration can be neglected under the condi-
tion

AkL<AkS. (11)
Equation (11) is equivalent to
N< (34 ,/4a). (11")

The rate of the spontaneous decays is determined by the rela-
tion

p=nyp(, v), (12)

where
= )(55) (2)

V. I1. Balykin and V. S. Letokhov 79



is the saturation parameter of the atomic transition. The
number of photons reradiated during the interaction time
bine 1S

v=lpsemLlpa
In!
where L, is the interaction length of the atoms with the laser
fields.
From (11)-(13) we get the condition under which the
diffusion aberration can be neglected:

8n'Pyyw,? rt
YA

The estimate of the role of diffusion can be approached
somewhat differently. Momentum diffusion leads to distor-
tion of the de Broglie wavefront. This decreases in turn the
intensity of the diffraction spot in the image plane. If the de
Broglie wavefront distortions are neligible, the new intensity
is given by'?

2

(14)

—io(1—k 3B, (15)

where i is the intensity at the center of the diffraction pat-
tern if the wavefront distortion is neglected, and A Zis the
mean squared deviation of the wavefront from spherical at
the objective aperture. Let furthermore the wavefront radius
past the objective be R (Fig. 2). The momentum diffusion
leads to a change of the wavefront component and accord-
ingly to a local change of the wavefront radius and to defo-
cusing. It is easy to obtain the following relation between the
defocusing Af and the change Ak, of the wave vector (see
Fig. 2):

_ I ks

af roky '

(16)

The local dutortlon of the wave phase is determmed in turn
by the expression'?

2 at(gr)- ooan

Using expressions (10) and (13) for Ak, we determine the
local and mean squared phase shifts:

nPyy'zn )"' krt

Apyy =

A¢dif"(3 (18"

wo'l, A,

FIG. 2. Illustrating the determination of the aberrations of a ‘laser objec-
tive” for an atomic beam; WF—wavefront, FP—focal plane.
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A¢ dif _A¢ cziif,/s- ( 18” )
According to the Rayleigh ‘““quarter-wave’ criterion, a
qualitative description can be obtained if the mean squared
phase shift does not exceed A /4."* This criterion leads to the
following condition on the laser and atomic parameters:

2 a'Py'w,’ ( at )
. — e —————_ e —

A'> 3 Ton \wr (19)
If its right-hand side is averaged over the beam aperture,
inequality (14) coincides with the corresponding inequality

(19), i.e., the two approaches lead to the same result.

b) Chromatic aberration

The influence of the chromatic aberration can be esti-
mated in the same way as the influence of the diffusion, from
its distortion of the wave front. Using the expression (9’) for
the focal length and expression (17) for the defocusing, we
obtain the mean squared phase shift due to the nonmono-
chromaticity of the atom beam:

9%zat
80/*9.*
If the Rayleigh quarter-wave criterion for the image quality
is again assumed, the following constraint is imposed on the
beam nonchromaticity:
2
A&s%-ﬁ%. 21

Ag*= (AD.)% (20)

c) Spherical aberrations

Itis seen from expression (8) for the phase shift that the
influence of the spherical aberration on the diffraction pat-
tern can be eliminated in two ways. First, one can decrease
the diameter of the atom beam. This method, however, en-
hances the role of diffraction and decreases the beam intensi-
ty at the center of the diffraction spot. Second, the param-
eters of the laser radiation can be chosen such as to reduce
this type of aberration to a minimum. It follows from (8), for
example, that aberrations of fourth order are eliminated at
a = 2. The laser and atomic parameters must satisfy then
the condition [see (8)]

a=Poy*/nl A2w, =2, (22)

We must verify that this new condition does not contradict
the condition p < 1 used for the series expansion of the poten-
tial (3). The saturation parameter can be expressed in terms
of a as follows:
I v . I(a)
p —7,-4—A—2'—- 0.37a I,max
where I (a) is the intensity of the laser field at a distance
from the beam axis, and I,,,, is the maximum intensity at the
distance r = w,/2'/%. The parameter p becomes substantial-
ly smaller than unity even at a = w,/4.
Simultaneous allowance for the restrictions imposed by

) (23)

the spherical and diffusion aberrations [Egs. (14) and
(22)] leads to the inequality
4e’yh N*
5 oo b (24)
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where N = a/A. It is seen from this relation that for thermal
atomic beams (¢, = 10°-10° cm/s) the diameter of the
atomic lens should not differ greatly from the laser-emission
wavelength. For example, at a = A the a near-diffration re-
solution can be obtained at 4, = 1.2-10° cm/s.

The laser field and the atomic beam are subject to one
more constraint. In ordinary optics, the image produced by a
lens is determined in the Fresnel approximation. This ap-
proximation is valid under the condition®

(2)">Zte (25)

’
Z z

where z is the distance from the lens on which the diffraction
field is considered, d is the lens diameter, and p is the image
radius. For our case this condition becomes

Az (26)

For A, = 10~® cm and a = w,/4 the lower bounds of the
focal length are 1) fR 144 for w,=A4, 2) fR281 for
w, = 104, and 3) fR 6164 for w,= 10°A.

In the considered laser-beam configuration, the thick-
ness of the lens is strictly speaking infinite, so that account
must be taken of the influence of the laser dimension along
the z axis on the parameters of the lens. The phase shift on
the potential of the laser field along the z axis over a length
from —z, to + z; is [see Eq. (4)]:

Ag=const p’ arc tg z.. (27)

If a limit z; = 5z; is chosen, the phase shift over a length
10z differs from the total phase shift (8) by only 10%, and
this is manifested only by like change of the focal length of
the lens.

We have used so far a classical description of the laser
field. Let us estimate the influence of quantum fluctuations
on the focusing of an atom beam.

Single-mode laser radiation with stabilized frequency
and stabilized intensity is well described by the mode of the
electromagnetic field excited to a coherent state. The electric
field fluctuations in a coherent state are independent of the
field amplitude and are given by the expression’*

AE=(hw/2e,V)", (28)

where g, is the dielectric constant of vacuum and V is the
volume of the field mode.

Expression (3) for the laser-field potential can be ex-
pressed in terms of the electric field strength in the form

¢ WEl\ B
U=2hA—A—2( T )-E—~ (29)

where u is a matrix element of the dipole moment of the
atom, E, = fiw/e,roc is strength of the electric field that
saturates the atomic transition, and o is the atomic-transi-
tion absorption cross section. The expression in the paren-
theses is the atomic-transition saturation parameter and is
equal to unity at E = E|.

The additional atom-wave-function phase change due
to quantum fluctuations of the magnetic field can be deter-
mined by replacing E in (2) by the field fluctuations (28):
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8 (A@) =Y*toc/2n8,Aw,’. (30)

To prevent the quantum fluctuations from strongly distort-
ing the atom-density distribution in the focal plane of the
atomic lens, expression (30) must not exceed 7/2.!2

We determine its value for the case when the laser-field
constriction is a minimum: w, = A. The phase-shift change
(30) takes then the form

1 ¢ vy
4 9, A

8(Ag)= (30")

It follows from the form of (30’) that the quantum fluc-
tuations of the field become negligible when the ratio of the
laser-field frequency detuning to the homogeneous width of
the transition line becomes equal to the ratio of the speed of
light to the atom velocity. We have already spelled out [see
(14)] the constraint on the detuning due to the momentum
diffusion. At w,=A this constraint yields A2 1.3-10~!!
s~ '. At this frequency detuning, the phase shift due to quan-
tum fluctuations becomes equal to §(Ag)<0.3, or substan-
tially less than 7/2. For the case w, > A the influence of the
quantum fluctuations of the field is even more insignificant.

4. ATOM-BEAM DENSITY DISTRIBUTION IN THE FOCAL
PLANE

The phase shift of the de Broglie wave for the consid-
ered real atomic lens can be represented by the sum

k
Aq) = -5;— T‘z(adif +ach,—+asph) N (31 )
where
dif = 37\,71)0 ) (31')
3 A9,
Fene =5 5~ (31")
a\p’ 3
o 1——_)——+ _ 2 . e
= ( )&+ (=)o (31)

are the terms that determine the contributions of the diffu-
sion, chromatic and spherical aberrations.

To calculate the atom density distribution in the focal
plane we use the Kirchhoff diffraction method,® according
to which the diffraction field in image space is given, accu-
rate to an inessential phase factor, by the integral

2mi ‘ S, ikgp’?
i(z,p)=—hz—§pf(p)exp "22
ikgp”? /
xexp———‘-;‘; Jo(ks pz )dp"
(32)

where f(p') is the field distribution at the entrance to the lens
and J, is a Bessel function of zero order. To take into account
the aberrations in the integral (32), the argument of the
second exponential is replaced by (31). Correct allowance
for the combined influence of the individual aberrations is a
complicated task''* and we determine separately the influ-
ence of the individual aberrations on the atom density distri-
bution in the focal plane.

To satisfy the thin-lens condition (26), we assume that
the focal length is f = 5z,; then, using (9) and (22), we find
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FIG. 3. Distribution of the atomic-beam density in the focal
planes: the solid curve corresponds to the aberration-free
case, the dashed to allowance for chromatic aberration, the
dash-dot to allowance for spherical aberration, and the dot-
ted one to allowance for diffusion aberration, all for the case
wo=A4, f=15.64, a=wy/4 a—P,=1 W, 3, =22-10°
cm/s, A3, /8, = 1073 b—Py=10"2 W, &, = 6.9:10* cm/
s, A, /8, =2-1073; c—P,=10"2 W, ¢, = 6.9-10* cm/s
(1—AV/V=10732—4-1073,3—10"2).

o 10 20 Jo

the atom longitudinal velocity that makes such a focal length
possible:

0n5 ,YZwOZﬁTZPO )'/o

or= (200 250

(33)
where 4, is the atom recoil velocity. This expression must be
substituted in (31')—(31""") to determine the values of the
aberrations. Next, assume that a plane de Broglie wave be
incident on the atomic lens and we are interested in the dis-
tribution in the focal plane. As expected from (24), for ther-
mal atomic beams near-diffraction pattern can be obtained
for a laser-beam neck w,~A. At values w, > 104 the spheri-
cal and diffusion aberrations become very large, and the re-
quirements on the chromaticity of the atomic beam become
very stringent (Ad /9<10™%).

Figure 3 shows the distribution of the atom density in
the focal plane for w, = A. The solid curve corresponds to
the aberration-free case, the dashed to a distribution with
allowance for chromatic aberrations, the dash-dot to a dis-
tribution with allowance for spherical aberrations, and the

~a

o — - —t

dotted to allowance for diffusion aberration. When fewer
than four distributions are shown on the figures, this means
that the remaining aberrations are negligibly small, and the
corresponding distributions coincide with the aberration-
free distributions. The distribution in Fig. 3a was calculated
for the following parameters: Py = 1 W, ¢, = 2.2-10° cm/s,
a = 0.25w,, f= 5z = 15.64,and Ad, /¥, = 10~ 3. Itcanbe
seen from the figure that the beam dimensions at the focus,
with allowance for aberration, do not differ greatly from the
limiting diffraction value and amount to several angstroms.
Figure 3b shows the distribution for the same beam caustic,
but at a lower laser power, P, = 10 mW. In this case the
atom velocity ¢, = 6.9-10* cm/s is close to the average ve-
locity of the thermal-beam atoms. The fluctuation distribu-
tion is the same as before. The conditions on the chromatic-
ity of the beam are less stringent: the distribution with
allowance for chromatic aberration was plotted for A,/
@, =4-1073. Decreases in the laser power and in the atom
velocity led to a worse resolution: the beam diameter in the
focus was about 10 A. Figure 3c shows the influence of the

FIG. 4. The same as Fig. 3, for the case w,= 104,
f=15704 =4.9-10"2cm,a = wy/6,Ad,/d, = 10" a—P, =1
W, d, = 6.9-10° cm/s; b—P, = 107' W, ¢, = 3.9-10° cm/s; c—
Py=10"2W,d, =2.2:10° cm/s.

7 5 30 4y 0 25 g0
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chromaticity of the beam on the distribution width. Deter-
joration of the beam chromaticity from 103 to 10~ 2 leads to
a substantial spreading of the beam.

Figure 4 shows the same distributions, but with a differ-
ent value of the laser-beam diameter, w, = 104. It can be
seen that at all three values of the power (P, =1, 0.1, and
0.01 W) one can find parameters at which the distributions
are close to diffractive. To prevent spherical aberrations
from greatly broadening the distribution, the atom-beam di-
ameter was in this case a = w,/6. The role of this kind of
aberration decreases substantially with decrease of the laser
power. In Fig. 4c all other types of aberrations are negligibly
small, and the calculated distributions practically coincide
with the aberration-free curve. From a comparison of the
three curves with three values of laser power it is seen that
the resolution of an atomic objective made up of a lower-
power beam is worse. The resolution decreases also on going
from w, = A to w, = 104. The reason is that we have fixed
the focus at the distance f= 5z3.

The curves of Fig. 5 correspond to w, = 1004. This case
is quite difficult to implement in practice. Indeed, it follows
from Fig. 5a that the chromaticity of the beam must be very
high, A /4 = 10~*. Figure 5b shows the influence of spheri-
cal aberration at a small diameter of the atomic beam com-
pared with the beam diameter (@ = 0.1w,), and a steep de-
crease of the atom density is seen. The same figure shows the
distribution with allowance for chromatic aberration at
Ad,/¢, = 1073, Figure 5c duplicates Fig. 5b in an enlarged
scale, and shows a curve with allowance for diffusive aberra-
tion. It can be seen that the diffusive aberration washes out
completely the atomic beam at the focus.

5.CONCLUSION

We conclude by listing the requirements that must be
met by the laser radiation and by the atomic beam to be able
to focus the latter into a spot of several angstroms. The fo-
cusing potential field is produced by using a TEM, laser
mode strongly focused to a size on the order of the wave-
length of light. The radiation power needed to focus beams
having thermal velocity is several dozen milliwatts. Diffrac-
tive resolution of the atomic objective is realized at an atom-
ic-beam monochromaticity Ad /4 = 1073,
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FIG. 5. The same as Fig. 3, for the case w, = 1004, f=9.4 cm,
a=uwy/10:a—P, =1 W,d, =2.1-10°cm/s, Ad, /3, = 107 b—
Py=10W, d, =3.9-10° cm/s, A, /¥, = 1073 c—the same pa-
rameters as for case b.

Using the considered method of focusing an atomic
beam down to several angstroms, it is difficult to conceive of
an atomic microscope similar to a raster electron microscope
working in transmission or reflection. The atoms scattered
or reflected from the investigated object can be recorded by
all possible methods that are sensitive enough, especially by
laser methods of detecting single atoms.'® Of course, to rea-
lize such a scanning atomic microscope with angstrom reso-
lution it is necessary to have just as small an atomic-beam
source. Such small apertures can be readily obtained by
modern methods.
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