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Light-induced vapor jets
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We present experimental evidence of light-induced vapor jets produced by the light-induced-drift
effect. They are observed in a cell kept at room temperature, having the active atom source in its cen-
tral part. The cell has a diameter much larger than that of the laser beam in order to eliminate all in-
teractions with the cell walls. This experiment opens the possibility of studying atomic elements with
extremely high temperature of evaporation and/or strong chemical reactivity.

PACS number(s): 42.50.Vk, 51.10.+y

I. INTRODUCTION

After the light-induced-drift effect (LID) was theoreti-
cally predicted [1] and experimentally observed [2,3]
much work was devoted to the investigation of this
phenomenon (see, for example, Refs. [4,5]). One of the
major problems to be solved in order to observe LID is
that represented by the atom-wall interaction. In the first
LID experiment with sodium [2] and then in the “optical
piston” experiment [6], where the LID effect, under opti-
cally thick conditions, acts like a piston by pushing the
whole vapor to the cell end, a great influence of the capil-
lary cell walls on the vapor drift was found. The adsorp-
tion of the atoms on the walls leads both to a very lengthy
establishment of a steady-state vapor condition inside the
capillary (up to about 10° times larger then the theoreti-
cal predictions [2]) and to a rather small velocity of the
optical piston. A detailed analysis of these surface effects
has been made both theoretically by Nienhuis [7] and ex-
perimentally by Gozzini et al. [8].

These problems have been solved, at least for the
alkali-metal atoms with the exception of lithium, by using
suitable coatings which permit the friction-free measure-
ments of the drift velocity [9-11]. The thin film of
chemical-resistant oil, paraffin or dimethylpolysiloxane
deposited on the cell wall, completely eliminates the phys-
ical adsorption, making it possible to study LID under
ideal conditions. Unfortunately such layers, which cannot
be heated up to high temperatures (the maximum is about
200°C for dimethylpolysiloxane), can be used only for
elements that have a comparatively low temperature of
evaporation and low chemical reactivity. As it is rather
difficult to find new layers that are able to resist both high
temperatures and strong chemical aggression, any further
experimental development of LID was restrained. This
limitation is very detrimental, considering that the exist-
ing cw laser sources can excite a large part of the alkali
metals, alkaline-earth-metal elements, and rare-earth ele-
ments, and that new applications of LID seem possible.
Recently, for example, an explanation of the “chemical
peculiar stars” that show nonhomogeneity in surface com-
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position, by the LID effect produced by the thermal emis-
sion from the center of the star spectrally modified by at-
mospheric Fraunhofer absorption has been suggested [12]
and significant experimental evidence supporting this hy-
pothesis has been obtained [13,14].

An attempt to study LID far from the cell walls has
been performed by Gozzini et al. [15], who adopted a
spherical cell and observed sodium vapor compression at
its center. A different approach is presented here which
makes use of a large cell that is kept at room temperature
and is filled with a buffer gas. The cell has in its middle
part an active atom source that, when heated up, produces
a spatially well-delimited vapor cloud. When a properly
detuned laser beam crosses this cloud, a vapor jet expand-
ing in “the free space” represented by the large buffer gas
volume is produced by LID. This is made possible by the
fact that the induced-drift velocity can be much higher
than the thermal diffusion one [10,16]. Therefore the
time the vapor spends diffusing out of the light beam is
long enough to allow the vapor to drift along the laser
beam, thus creating the vapor jet. This effect has been ex-
perimentally demonstrated by us with sodium.

II. THEORY

The vapor density N is ruled by the general diffusion
equation [17]:

%—]:/+div[UN+V(DN)]+]—:—=0, (1)
where D is the diffusion constant in the ground state, U is
the effective drift velocity, and 7 is the NV decay time due
to chemical losses. The detailed solution of this equation,
which is valid if the velocity distributions remain approxi-
mately Maxwellian and if the light pressure is ignored, is
in general very complicated. The vapor is not in a
steady-state condition, its geometry is not perfectly
defined, and strong temperature gradients are present.
Moreover, the problem is no longer one dimensional, as
was the case with the capillary cells, and the boundary
conditions are more difficult to specify. An effort to
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achieve a detailed analysis is actually in progress; never-
theless, a crude but very useful model can be presented
here with the aim of qualitatively describing the experi-
mental results. In fact, an estimation of the vapor density
N inside the jets and the length of the jets as a function of
the laser power and of the laser beam diameter can be at-
tempted once a few approximations are made. First of all,
the average drift velocity U, describing the movement of
the vapor inside the laser beam, is introduced. Second,
when the diameter of the laser beam is considerably
smaller than the length of the vapor jet, the vapor drift is
assumed to be the same as in a capillary cell where it is
pushed or pulled by LID as a whole. In this case U is
smaller than that along the beam axis where the power
density is maximum and, in the case of small saturation, U
is proportional to the average power density. Taking into
account the Gaussian profile of the laser beam and assum-
ing that the cell is in the optically thin regime, U can be
written in the form

U=U0 {1 —expl—(dg/dy)?1}, @)

d}
where Uy is the drift velocity on the beam axis, dp is the
full diameter of the laser beam, and dy is the diameter of
the laser beam inside the cell which is changed by using a
diaphragm. Moreover we assume that both D and U do
not depend on the cylindrical coordinates r, z, and ¢, that

the chemical losses are negligible, i.e., 1/t =0, and that
N
—=0.
9¢
Then in the stationary regime Eq. (1) becomes
2 2
D 9 + 6 3 N— U1+i+—6—N=0.
or: r ar 922 or
3)

It is possible to solve Eq. (3) by assuming N =A(r)B(z),
where A4 and B are only functions of r and z, respectively.
This leads to the two equations
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where 7 is a constant. We are interested in the solution of
Eq. (5), assuming the boundary conditions

B(—0)=B(0) =By (6)
and
B(—o)=B(x)=0. 7

The solution of Eq. (5) can be found in an elementary
fashion and is

_ |Boexp(—=z/Ly), z2>0
Boexp(z/Ly), z<0 (8)
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where L, and L, are characteristic lengths of the vapor
jets

U 2 1/2 U
Ly '=||=%| +L| =-—-, 9
(L2 2D D 2D ©)
and y ~! plays the role of the lifetime of Na atoms inside

the laser beam. This lifetime corresponds to the time
necessary for the sodium atoms to diffuse out of the laser
beam and is given by

dg

= . (10)
16D
III. EXPERIMENTAL RESULTS AND
DISCUSSION
The experiment outline is sketched in Fig. 1. The main

parts of the experimental setup are a cell filled with Kr
(pressure 44 Torr) as a buffer gas and a “lamp laser” [18]
which, as reported in Ref. [16], impresses drift velocities
higher than those induced by a single-mode laser under
similar conditions. The cell is a glass tube of 65 mm in di-
ameter and 330 mm long with a Na vapor source in the
middle. The vapor source consists of a small glass tube (3
mm in diameter, 10 mm in length), containing metallic
Na, placed in a vertical position, and heated up indepen-
dently of the cell, which is kept at room temperature. The
laser has a long cavity configuration (about 5 m), a total
bandwidth of the order of 1-2 GHz and a maximum
power equal to about 270 mW. This corresponds to a
mean power density of about 10-20 mW/cm? for each
longitudinal mode. The laser beam, tuned to the D; line
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FIG. 1. Sketch of the experimental apparatus. PC denotes

personal computer; PD1,2, photodiodes; M, Mirror; PM, pho-
tomultiplier.
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of sodium, is sent through the cell along its axis and
slightly above the vapor source. Its diameter is about 0.5
cm and can be reduced by a diaphragm. In complete con-
trast to the other LID experiments we use a cell with a di-
ameter much larger (about 13 times) than the diameter of
the laser beam. This eliminates the influence of the cell
walls. The relatively high pressure of the buffer gas and
the diameter of the laser beam were chosen in order to al-
low a long enough diffusion lifetime of the sodium atoms
across the laser beam. For a laser beam diameter larger
than 0.5 cm our assumption about the absence of chemical
losses becomes incorrect. A good-quality objective at a
double focus distance from the laser beam reproduces the
sodium vapor distribution on the plane of a differential
detector system (DDS) consisting of two photodiodes
(PD1, PD2) placed symmetrically with respect to the va-
por source position z=0. When the laser is on, the vapor
cloud around the source is easily observable by naked
eyes. An optical fiber that is connected to a photomulti-
plier and positioned in the middle of the differential pho-
todetector system gives a signal proportional to the
fluorescence in correspondence of the vapor source. The
measurements are made in the following way. First the
laser frequency is tuned to the fluorescence maximum,
then the DDS is carefully positioned in order to have zero
signal. The laser is then detuned and the LID effect be-
comes active. An unbalance between the two photodiodes
that is proportional to the induced asymmetry of the vapor
cloud is obtained. The signals from the photomultiplier
and from the photodiodes are then collected as a function
of the laser frequency detuning, of the laser beam diame-
ter, and of the laser power, and are recorded by a digital

I

F
(arb.units)
3

0 L ]
- 0 +1 AVL
(arb. units)
200
I (b)
(arb. units)
0 \\VJ/,(
-200 1 1 1 )
-1 0 +1 Ay .
(arb. units)

FIG. 2. (a) Fluorescence signal Ir and (b) DDS [ signal as a
function of the laser detuning Av. (referred to the central laser
frequency).
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oscilloscope connected to a computer.

The differential signal, normalized to the signal from
the photomultiplier, can be derived from the previous cal-
culations and it is expressed by

= B(z¢) —B(—2zg)
Bo
=exp(—zo/L,) —exp(—zo/L1), an

where 2z is the distance from one photodiode to the oth-
er.

As expected, a very spectacular manifestation of the va-
por jet can be observed easily by naked eyes. When the
laser frequency is suddenly detuned from resonance the
vapor distribution around the source becomes sharply
asymmetrical and a Na steady-state vapor jet appears. It
looks like a bright pencil several centimeters long, and is
very sensitive to the laser detuning. The vapor jet is, in
fact, pulled or pushed depending on the laser frequency.
The effect is even more spectacular if the laser beam, after
crossing the cell, is reflected back under a very small an-
gle. A second jet is then created which moves in phase op-
position with the previous one.

In accordance with the LID features, the jet length de-
pends on the radiation power density and on the laser fre-
quency detuning. In the present case it depends also on
the laser beam diameter. Since the diffusion time of the
atoms out of the laser beam is proportional to the square
of the beam diameter, as it tends to zero the jet disap-
pears. We have verified this by making the laser beam
smaller than | mm.

In Fig. 2, two curves as a function of the laser detuning
are shown. Figure 2(a) represents the sodium fluores-
cence in correspondence of the vapor source. This curve is
symmetrical because the vapor density is kept fixed at that
point. Figure 2(b) shows the DDS signal taken at a dis-
tance 2z¢ between photodiodes equal to 3.4 cm. This sig-
nal, as expected, has a dispersive behavior and it shows the
existence of the vapor jet going from one side to the other
of the vapor cloud. The laser frequency is scanned over a
few gigahertz by electronically scanning an intracavity
etalon.

The amplitude of the differential signal, /, as a function
of the laser power and of the diaphragm diameter is
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FIG. 3. Plot of the DDS signal / as a function of the laser
power P.. The open points represent the experimental measure-
ments and the solid curve is the best fit obtained from Eq. (11)
(dg=5 cm).
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shown in Figs. 3 and 4, respectively. As can be seen, all
curves show a nonlinear dependence as predicted. In Fig.
3 the signal is almost zero for laser power lower than 25
mW, it has a roughly linear dependence up to about 150
mW and then begins to saturate. The behavior of / in
Figs. 4(a) and 4(b) looks similar, even if in Fig. 4(b) the
saturation is more evident. The continuous curves show
the best fit of Eq. (11) with U as a free parameter. In
Figs. 3 and 4 the other parameter values are zo=1.7 cm,
D=3 cm?/sec [17]. The effective drift velocities obtained
from the fitting result are in agreement with those ob-
tained under similar conditions in coated capillary cells.

IV. CONCLUSIONS

The obtained results clearly show the effectiveness of
this approach to LID experiments. This method can be
used successfully any time atoms with very low vapor den-
sities and high chemical reactivity have to be studied. The
method also permits isotope separation and very thin layer
deposition on prepared surfaces. Finally, it can contribute
to the understanding of transport phenomena in open
spaces or far from equilibrium situations.

FIG. 4. Plots of the DDS signal I as a function of the laser
beam diameter ds. The open points represent the experimental
measurements and the solid curve the best fit obtained from Eq. The authors are grateful to M. Tagliaferri and M. Ba-
(11). (@ P.=116 mW, U=6.4 m/s; (b) PL=212 mW, dalassi for their technical assistance, and to J. H. Xu and
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