Scattering of atoms by the forces of stimulated radiation pressure
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A theoretical and experimental study is presented of the effect of stimulated radiation pressure
(SRP) under the conditions of strong saturation of the resonance transition when the interaction
times between the atom and the field are short (shorter than the radiative lifetime). An experimen-
tal method for studying the scattering of an atomic beam by the field of a standing light wave is
described. The measured dependence of the scattering efficiency on the electric field and the
detuning from resonance is reported. Experimental relationships are compared with theoretical
calculations based on the quasiclassical description of the motion of atoms in the field of a light
wave, using the effective potential. It is shown that the efficiency of scattering of atoms by SRP
forces is of the order of unity in relatively weak (100-1000 V/cm) laser fields. The dispersion curve
measured at the center of the unperturbed beam in sufficiently strong fields has an uncustomary

width that is much greater than the field broadening.

1. INTRODUCTION

The effect of resonance-frequency light on the transla-
tional motion of atoms and molecules, due to radiation pres-
sure forces, is an interesting topic in laser physics.'~> Radi-
ation pressure depends on the closeness of the frequency to
the resonance value, and on the intensity and spatial struc-
ture of the field. In the final analysis, it is determined by the
rate of scattering of photons of the incident beam of radi-
ation. In a sufficiently strong inhomogeneous field (such as a
standing wave), the situation is dominated by the gradient
force due to stimulated emission and absorption of photons.

Thesimplest way of studying these forces experimental-
ly is to investigate the scattering of atoms by a standing wave
field.* This is analogous to the well-known Kapitza-Dirac
effect,’ in which electrons are diffracted by the grating pro-
duced by the field of a standing light wave. The particular
feature of resonance-particle scattering is the considerable
strength of the effective potential of the atom in the light
field. This facilitates the observation of the effect because the
stringent requirements imposed by the Bragg condition on
the angle of emission is then removed.

A strong gradient force will scatter atoms through ap-
preciable angles when the time of interaction with the field is
asshortas 7~ 10~7-10"®s. This time can be both longer and
shorter than the spontaneous transition time 1/y. When
y7 < 1, the interaction between the atoms and the field is
coherent in character, and the scattering process is wholly
determined by the gradient force. When y7 < 1, the coher-
ence of the interaction is, in general, violated and fluctu-
ations in the gradient force must be taken into account.

In the experiment performed in Ref. 6, in which an
atomic beam was scattered by a stationary standing wave,
the transit time was 7~10~" s and 7~ 10. In our own ex-
periments,” we examined the scattering of atoms by a short
light pulse of length 7~ 10~% 5, so that the parameter yr was
less than unity.?

We have carried out a detailed study of the stimulated
radiation pressure (SRP) effect by examining the scattering
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of a sodium atomic beam by a laser standing-wave pulse.

The scattering process is described theoretically in Sec.
2. Sections 3 and 4 report measurements of the angular dis-
tribution and its dependence on the field and atomic-beam
parameters.

2. THEORY

When light field is strong and y7 < 1, the force acting on
a resonance atom is determined by stimulated transitions,
and spontaneous transitions can be neglected. The motion of
an atom in the field can then be described with the aid of the
effective potential.

In a standing-wave field

E(z)exp[—i(A+a,)t], E(z)=E,cos kz,

with small detuning 4 from the atomic-transition frequency
o, there will, in general, be two potentials + U (x) for a two-
level atom, where

U (z)="/:hA [1+ (2dE[RA)?]",

and d is the transition dipole moment.

They constitute the Stark level shifts in the inhomogen-
eous external field. When the interaction is turned on adia-
batically, the atom moves in the potential that corresponds
to the ground state as E,—0. For positive detuning (4 > 0),
this is the potential U (x).

In classical language, the scattering problem can be for-
mulated as follows. The atomic beam propagates along the y
axis, and the atoms have zero initial velocity in the direction
of the field gradient (x axis). The initial position x, of an atom
is a random variable that is uniformly distributed within the
field period 277/k. The laser pulse of length 7 is defined by the
amplitude E¢).

To determine the transverse-velocity distribution func-
tion for the particles after the interaction has taken place, we
must solve the equation of motion

mdv/dt=—0aU|dx

and average over the initial position:

(1)
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n/k :

w(v)=£—j‘ dz,8[v—v{xs,T) ].

In the potential wells U (x), the particle has the charac-
teristic oscillation frequency

Q=k(U./m)™,

that is determined by the potential modulation depth U,,.
The scattering process is essentially determined by the pa-
rameter £27. When £27<1, the field behaves as a short pertur-
bation. The particle undergoes small displacement in the di-
rection of the field gradient, and the transverse velocity
communicated to it is given by

U
my=—1——
0F | =
which is proportional to the interaction time.
In this case, the scattered-particle velocity distribution

has the characteristic square-root form®

w(v)=_it_mzjj_)n—hv |U|<Uo,
(2)
Vo= T';':" {[1+ (2dE/BA)*] 51},

where v, is the maximum velocity that a particle can acquire
during its motion in the field U (x). These relationships re-
main valid to within an order of magnitude for 27<1. When
the time of interaction with the field is increased so that
271> 1, the scattering process becomes saturated, and the
maximum velocity becomes v,,,, ~(dE,/m)'/2. The classical
theory of atomic scattering for 7 < 1 was examined in Refs.
4 and 9, and the quantum theory in Refs. 8 and 10.

3. EXPERIMENTAL METHOD

The SRP effect can be investigated experimentally as
follows. A sodium atomic beam is exposed to a standing-
wave pulse at right-angles to the direction of the atomic
beam. The SRP force acts in this direction, so that atoms that
have entered the region in which the interaction with the
field takes place are scattered. The result of exposure to the
radiation is that a portion of the atomic beam is broadened.

Figure 1 illustrates the principle of the experiment. A
ribbon beam of sodium atoms (the beam size in the region of
interaction with the field was 0.2 X 11 mm) with a divergence

E ’
/ =
D z ==
13
: — 3

=
EE_ Sy

X

3 q ==l y
1 : >l S J
! Y80 mm ' 250 mm -

FIG. 1. Schematic illustration of the experimental setup: 1—crucible, 2—
atomic beam, 3—laser beam, 4—100% mirror, 5—detector, 6—e¢lectron
woultiplier, 7—amplifier, 8—oscilloscope.
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of 5 10~* rad is formed by two 100-um slits at a distance of
40 cm from one another. The beam density in the interaction
region at the maximum of the distribution is about 3 X 108
cm™3,

The resonance-frequency radiation was produced by a
rhodamine-C tunable dye laser, generating pulses with
7~107%s. The laser frequency could be tuned in the neigh-
borhood of the 35, ,,—3P; , transition frequency in the sodi-
um atom. The laser linewidth was 0.03 A, so that the two
hyperfine-structure components of the ground state were in
resonance. The laser line structure and the the detuning
from resonance were monitored in the course of these mea-
surements. The parameter 7 was less than unity.

The standing-wave field was produced with the aid of a
mirror placed at a distance of 7 mm from the plane of the
ribbon atomic beam. The size of the coherence region in
which the standing-wave pattern was established was exam-
ined in a special experiment.'! For the laser linewidth of
0.03-0.05 5;, the size of this region was much greater than
the distance between the mirror and the atomic beam.

The sodium atoms were detected by exploiting the
phenomenon of surface ionization of neutral sodium atoms
by a hot tungsten-rhenium wire whose work function was
greater than the ionization potential of sodium. The wire
was located in the plane of the ribbon beam and could be
displaced across the beam by a special micrometer device.
The sodium ions produced on the wire surface were acceler-
ated in the space between two plane electrodes, and were
finally intercepted by an electron multiplier. Figure 2 shows
the distribution of the atoms over the cross section of a sta-
tionary, undisturbed beam.

Atoms entering the standing-wave field acquire trans-
verse velocity components. Since the light pulse is short, the
displacement of the atoms during the interaction time 7 can
be neglected. The result is that atoms in the region of inter-
section of the atomic beam and the light beam are irradiated.
The atoms thus acquire transverse velocity components, so
that the beam intercepted by the detector becomes broad-
ened. It is also stretched in the axial direction because of the
Maxwellian longitudinal-velocity distribution.

I, rel. units
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FIG. 2. Beam profile.
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FIG. 3. Typical pulse of scattered atoms recorded by the detector in a
given transverse position.

The detector records the particle flux at a given point in
space as a function of time. Figure 3 shows a typical current
pulse due to scattered atoms. The characteristic time scale of
the signal recorded by the detector is determined by the tran-
sit time (delay time) between the point of irradiation and the
detector. Itis given by t, = I /u = 5X 10~ *s, where u is the
most probable longitudinal velocity in the beam. It is clear
from the figure that, as expected for the Maxwellian velocity
distribution, the variance of the delay time is of the order of
t,- The time ¢, is much longer than the laser pulse length. The
“stretching” of the irradiated volume in the longitudinal di-
rection occurs from a value determined by the diameter of
the light beam (1—4 cm) to a value equal to the distance to the
detector (/~25 cm). For each delay time, the detector re-
cords a group of atoms with a particular longitudinal veloc-
ity. This means that results obtained in this way correspond
to measurements with a monoenergetic atomic beam.

Simple calculations yield the following expression for
the current pulse due to scattered particles as function of
position and time:

j(z, t)=%%(%) , eXP{~(tT°) 2} ¢(z,1),

9(z,1)= [a@W ()f(@—vt)—f(2),

(3)

where S and 4 are, respectively, the illuminated area and the
height of the atomic beam. The function f (x) describes the
shape of the stationary beam (Fig. 2) and is normalized so
that £(0) = 1; W (v) is the transverse-velocity distribution of
the atoms after they have experienced the laser pulse. The
latter function is obtained by averaging (2), which corre-
sponds to a particular field intensity, over the intensity dis-
tribution across the light beam. The parameter.S /A is related
to the above stretching of the irradiated volume, and its ef-
fective value in our experiments was found to range from
0.04t00.16, depending on the light beam diameter. The time
dependence of the scattered-particle pulse is largely deter-
mined by the Maxwellian factor (,/¢ ) and is in good agree-
ment with the experimental result shown in Fig. 3. The fact
that the particle flux is conserved is described by the expres-
sion
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I j(z, t)dz=0.

A natural scale, equal to the thickness a of the atomic
beam in the region of the detector, arises when the scattering
pattern is described in terms of the transverse displacments
x. The scattering efficiency depends on the dimensionless
parameter

E (E’ A) =v0t0/a7

where v, is given by (2). When £ €1, the atomic beam is left by
a small fraction of atoms, and the spatial structure of the
current pulse has the form

@ (2, to) =of” (2)t25°~E2a*f" (z), (4)

where it is assumed that W (v) is a symmetric function since,
otherwise, the first derivative of f would appear.

In a strong field, in which £» 1, most of the particles
leave the atomic beam and are displaced to distances that are
large in comparison with a. The function ¢ is then given by

(p(xv to)z_f (z)v le <a;
@ (, to) = (vo/E) W (x/t0),

It is clear that, in the interior of the beam (|x| < a), the shape
of the signal is essentially the same as the shape of the sta-
tionary current pulse, and has the opposite sign. Outside the
beam, the shape of the current pulse is determined by the
velocity distribution function W (v). The shape of this func-
tion depends on the spatial distribution of the field intensity.
In particular, for a constant intensity, W is given by (2), and
this ensures that @(x) follows the square-root variation as
x—a&. The maximum is reached at x = a£, and its height is
of the order of & . For other field distributions (for example,
the Gaussian distribution), the function W (x/t,) becomes a
montonically decreasing function for x > 1.5a-2a.

(5)

a<|z| <ak.

4. EXPERIMENTAL RESULTS

The above experimental arrangement was used to ob-
serve the scattering of the sodium atoms’ and to determine
its dependence on the field parameters. The effect was absent
when the mirror producing the standing wave was covered.
This confirms that the atoms were, in fact, scattered by SRP
forces, since gradient forces are absent in the case of a pro-
gressive wave.

Figure 4 shows the amplitude of the detector current
due to scattered particles as a function of transverse position.
Each point on this graph corresponds to the maximum of the
pulsed current as a function of time, i.e., it is determined by
the group of beam atoms with longitudinal thermal velocity
of 5 10* cm/s. Scattered atoms leave the central part of the
beam, so that the signal is negative at the center and positive
at the edges of the beam and outside the beam.

The laser generated several (1-3) longitudinal modes
with an overall width of about 0.03 A. The center of the
mode packet was tuned to the center of the atomic line. The
field distribution over the cross section of the laser beam was
Gaussian in shape, with E,~3 kV/cm at maximum. This
field (with an effective detuning of about 0.03 A) corresponds
to the displacement of the sodium atoms to a distance of
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FIG. 4. Alternating component of the detector current due to scattered
particles as a function of the transverse position of the detector.

about 5 mm, which is much greater than the width of the
atomic beam (~0.2 mm), so that £» 1. These atoms deter-
mine the distant wings of the angular distribution which, in
our experiment, were not observed because of the low signal-
to-noise ratio. The positive part of the signal shown in the
figure was largely due to particles scattered by the weak field
(=500 V/cm) on the periphery of the laser beam. The shape
of the experimental curves describing the angular distribu-
tion of scattered particles is in qualitative agreement with
the distribution ¢(x) for the strong field case (5).

The efficiency of scattering can be judged from the size
of the negative signal at the beam center. Figure 5 shows the
absolute signal strength at the center of the beam as a func-
tion of the field strength for a Gaussian (curve 1) and para-
bolic (curve 2) intensity distribution across the light beam.
The field strengths correspond to the distribution maxi-
mum. The radiation freugency was tuned to the line center.

J, rel. units
J

g ] | | ]
0.6 1,2 18 2% 4.0
£,kV/cm

FIG. 5. Signal due to scattered atoms at the center of the beam as a func-
tion of the field strength for a Gaussian (1) and a parabolic (2) distribution
of laser-beam intensity as a function of position at right-angles to the light
beam.
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The lower signal strength corresponding to curve 1 was due
to the lower effective volume of the intraction region, and
the slower variation was connected with the fact that a sub-
stantial fraction of the illuminated particles was located in
the weak-field region on the periphery of the light beam.
These experimental data are in good agreement with calcula-
tions of the current at the beam center, based on (3).

We note that the quantity @ (x = 0) is a measure of the
fraction of particles scattered out of the beam. In a very
strong field, we see from (5) that ¢(0) = — 1, which corre-
sponds to the complete departure of particles from the beam
center. For finite fields, |@(0)| < 1 and depends not only on
the field strength but also on its spatial distribution. Thus,
for the Gaussian intensity distribution

I/I.,=exp (_Tzlroz)

the dependence of the signal on the amplitude E of the field
strength is
91~ =2 (210 E
‘ R R E,
where R =2 cm is the mirror radius, r,~0.8 cm, and
E, ~300 V/cm for a detuning of the order of the linewidth.
The quantity |@(0)| is the determined by the effective size of
the interaction region, i.e., the radial distance r, at which the
field strength is E, . The field E, corresponds to & = 1, i.e,,
particle displacement to a distance of the order of the width
of the atomic beam. It is clear that (6) is a relatively “slow”
logarithmic function. For the parabolic intensity distribu-
tionI /I, = 1 — */R ?, the dependence of the current on the
field strength becomes steeper (Fig. 5). For comparison, we
also show the graph corresponding to the uniform field
(curve 1, Fig. 6), which is given by
2t

) * ESE, (6)

E<t,

2 1 1
—_ o + 2__ l/z]z -, > .
19 (0)1=1—— [ arcsin SoEHE S, p
(7)
For simplicity, the shape of the stationary current f (x) was
taken in the form of a triangle of width a at half-height.? It is

clear from Fig. 6 that the scattering efficiency increases as
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FIG. 6. Theoretical dependence of the signal at the center of the beam on
the field strength in the case of a uniform (rectangular) (1) and parabolic (2)
intensity distribution; 51, = 0.03 A.
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FIG. 7. Signal at the center of the atomic beam as a function of detuning
from resonance for two distributions of the laser radiation: O—parabolic,
@—Gaussian.

the field distribution becomes more homogeneous.

It follows from the experimental data that |@(0)| ~ 1 for
fields E> E,, i.e., the fraction of scattered particles is of the
order of unity. This is also in agreement with the behavior of
the angular distribution (Fig. 4), which has a minimum at the
beam center.

The frequency dependence of the scattering efficiency is
of fundamental interest. Figure 7 shows the signal at the
beam center as a function of the detuning from resonance for
two laser-field distributions. For the Gaussian distribution,
the field strength at the maximum is E; = 3.3 kV/cm,
whereas for the parabolic distribution E, = 1.6 kV/cm. The
field broadening 2dE /#iis 4, = 0.21 A is the first case and
84, =0.1 A in the second, which is several times greater
than the laser linewidth. The frequency was tuned from the
linewidth 0.03 to 3 A.

It is clear from Fig. 7 that the half-widths of the experi-
mental curves are much greater than the field broadening.
This is in agreement with theoretical estimates based on (3)
and (7). The variation in the signal at the beam center occurs
for the £ (E, A )~ 1. The width of the resonance 4, is then
found from the condition £ (E, 4,) = 1. In a strong field, we
have

dE E ma
5 E.(b=0)’ E.(A=0)= T 8V/cm. (8)
Thus, under our conditions, the width of the resonance
curve exceeds the field broadening 2dE /7i by a factor of 10—
20. This dependence of the resonance width on the field is
connected with the particular variation in the signal at the

Ao=

. Jyrel. units
7

0,5

7 0.2 ]

06 5p A

FIG. 8. Theoretical dependence of the signal at the enter of the beam on
the detuning from resonance for a uniform (rectangular) (1,3) and parabol-
ic (2,4) distribution of intensity and two values of field amplitude: 1, 2—
E,=235V/cm, 3,4-940 V/cm.
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center of the beam for high field strengths. In fact, a change
in the detuning by 2dE /#ileads to a change in the wing of the
scattered pattern, but the current at the center remains prac-
tically constant. It is only for large detuning 4 ~ 4, that the
current at the center of the beam begins to vary appreciably.

In weak fields ES E,, the width of the reasonance is
equal to the field broadening.

As an illustration, Fig. 8 shows the calculated wave-
length dependence of |@(0)| for rectangular and parabolic
intensity distributions and two values of the field amplitude.
Itis clear from Fig. 8 that, for fields E <200 V/cm, the width
of the dispersion curve is of the order of the field broadening
(64 ~0.01 A) when the scattering efficiency is of the order of
unity.

5. CONCLUSIONS

Analysis of experimental data has shown that the scat-
tering efficiency for resonant atoms scattered by a standing
light-wave pulse is of the order of unity in relatively weak
fields (100-1000 V/cm) produced by a tunable laser beam. °
The scattered-particle current was measured as a function of
frequency for sufficiently strong fields at the center of the
atomic beam, where it has the unusual width given by (8).
This width depends not only on the field but also on the
transverse size of the atomic beam. In our experiments, it
was greater by an order of magnitude than the field broaden-
ing. The wavelength dependence in the wings of the scat-
tered pattern has the usual field width. However, we have
not been able to measure it because of the low signal-to-noise
ratio. Estimates show that it is possible to produce a narrow
wavelength dependence (with a width of the order of 0.01 A)
for a scattering efficiency of the order of unity if the field is of
the order of 200 V/cm and the laser linewidth is reduced by
several times.

The experimental results are in agreement with theo-
retical predictions based on the effective potential for the
resonance atom in the standing-wave field.

A particular feature of the motion of an atom in an inho-
mogeneous light field is the presence of the two potentials

+ U (x) and, correspondingly, two trajectories of motion. In
our experiments, the atoms were displaced through dis-
tances much smaller than the wavelength during the pres-
ence of the laser pulse (27<1), and were able to “feel” only
the local field value (or, more precisely, its derivative dU /
Jx). The atoms do not transfer from one trajectory to an-
other (with the exception of a small group of atoms whose
initial coordinates lie in the immediate neighborhood of the
field nodes). As a result, the characteristic transverse veloc-
ity v, given by (2) is a smooth function of the detuning from
resonance, and has no singularities at small 4.

When the particles succeed in traversing distances of
the order of the wavelength (£27 R 1), singularities appear on
the dispersion function vy(d ) at 4 = (2dE /#)"/2. They are
connected with the transition of atoms from one trajectory
to another after passage through the standing-wave nodes
(these are the Landau-Zener transitions°). The result is that
the scattering process assumes the bipotential character.'?!3
When the atomic beam is incident normally, the bipotential
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scattering effects can, in principle, be observed by increasing
the pulse length. Another interesting possibility is to use an
atomic beam incident obliquely onto a standing wave. The
Landau-Zener transitions then produce an asymmetric scat-
tering pattern, and the asymmetry depends on the sign of the
detuning.'>"* For pulses with 7~ 10~%s, these effects can be
observed when thermal-velocity atoms enter the field region
at an angle 2 3° to the normal. For fields of 10* V/cm, the
characteristic detuning from resonance 4 for which the Lan-
dau-Zener transitions take place is 0.01 A. This figure is
smaller by a factor of about 30 than the field broadening.
Thus, the wavelength dependence of the scattering pattern
has two characteristic frequencies: a narrow asymmetric res-
onance with the Landau-Zener frequency is present against
the background of the broad resonance with the field fre-
quency.

UIn a recently published experimental paper by Moskowitz et al. [Phys.
Rev. Lett. 51, 370 (1983)], the condition y7 < 1 was also maintained. In
contrast to the present work, however, the measurements were per-
formed in weak fields. Small-angle scattering corresponding to the ab-
sorption of several photons was studied.
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21n contrast to (4), the linear dependence in (7) for small £ is connected
with the fact that the chosen function f (x) is nonanalytic at x = 0.
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