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A novel photovoltaic effect, light-induced current in a rarefied gas, is investigated
experimentally and theoretically. An expression for the current is obtained for the case when
the ions are produced by associative ionization of the atoms from the excited states. The
influence of optical pumping is discussed. The experiments were performed in sodium vapor. A
unique antisymmetric dependence of the current on the detuning from the radiation frequency
is recorded for the first time. The dependences of the current on the resonance fluorescence, on
the buffer-gas pressure, and on other factors are investigated. The experimental results agree

well with the theory.

1. INTRODUCTION

A novel phenomenon, light-induced current in rarefied
gases, was predicted and observed experimentally in Ref. 1.
The gist of the phenomenon is that resonant action of the
radiation on the rarefied gas can produce an electric current
in the latter.

We recall briefly the physical nature of the effect. It is
based on the fact that velocity-selective atom excitation
causes all the excited particles to move in the same direction
with velocities close to }/k, where () is the detuning of the
radiation frequency from the center of the gas absorption
line, and k is the wave vector. If such excited particles are
ionized in some manner, both the electrons and ions pro-
duced thereby will have the same average velocity Q/k.
Since, however, the electron mass is much smaller than that
of the ion, the absolute value of the electron velocity exceeds
greatly the thermal velocity of the atoms and the directed-
motion velocity 2/k. In other words, the electrons travel
practically isotropically and (in the absence of collisions) go
off rapidly to the walls. Only ions remain in the volume and
it is their directed motion which comprises the current. De-
pending on the sign of €, the current is either parallel or
antiparallel to the wave vector. There is no current at exact
resonance (at ) =0).

The effect described is truly voltaic, in contrast to the
known optovoltaic effect? that alters the conductivity of the
gas (or plasma) and can occur only in the presence of a
potential difference. On the other hand, similar optovoltaic
effects were discussed in Refs. 3-5, and the physical basis of
the effects considered both in these references and in Ref. 1 is
close to the physical basis of the light-induced drift (LID)
effect.® The effect considered in Ref. 1 and by us differs from
those described in Refs. 3 and 4 in that decelerating bulk
collisions are disregarded. It turns out that in the Knudsen
situation, when the ion and electron momenta relax on the
walls, the light-induced current can reach substantially
higher values, and this has made it possible to detect it in
experiment.

The effect was theoretically considered in Ref. 1 for the
case of low densities of charged particles, when their interac-
tion with the space charge can be neglected. The current
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calculated flows between plane-parallel electrodes in the
space between which Q(v) ions are produced per unit vol-
ume and per unit time in a unit velocity interval. The current
was estimated in Ref. 1 under plasma conditions, i.e., when
the Debye radius is much shorter than the distance d
between the electrodes. This problem was examined in
greater detail in Ref. 7, where the validity of using a hydro-
dynamic approach to the calculation of the current was justi-
fied. The corresponding hydrodynamic equations are of the
form:

2 y=Jowav,
* (1)
% (nu*+nvgt) =5 Q(v)v,dv—vnu,

where n and u are the density and directed velocity of the
ions, vg is the speed of sound in the plasma, v is the frequency
of the ion collisions that lead to the Maxwellian distribution,
and the subscript £ labels a component along the wave vec-
tor. Solving (1), we readily obtain an expression for the cur-
rent:

ed 1

_ed 2
205 1+vaz/4v,,j Q(v)vadv. (2)

To calculate the current we must relate Q(v) to the
characteristics of the gas and of the radiation under the spe-
cific ionization conditions. This was done in Ref. 7 for the
simplest case of a two-level system and for ionization from
an excited state by supplementary radiation.

We investigated the light-induced current experimen-
tally in sodium vapor, where no supplementary radiation is
needed for the ionization, since associative ionization takes
place from the excited state:

Na(3P)+Na(3P) >Na,*t+e~. (3)

The onset of current in sodium vapor via the mecha-
nism (3) is treated theoretically in Sec. 2. Account is taken
there of the influence of the optical pumping due to the hy-
perfine splitting of the ground state.

In Sec. 3 we report the experimental results for the
light-induced current in sodium vapor. We record for the
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first time ever an antisymmetric dependence of the current
on the detuning Q. We investigate the dependences of the
current on the resonant-fluorescence intensity and on the
buffer gas pressure. The theory is compared with experi-
ment.

2. THEORY

To calculate the light-induced current we must know
the distribution functions of the excited atom in velocity and
in the coordinates. In the simplest variant, the sodium atom
can be modeled by a three-level system, with two levels (n
and /) the components of the hyperfine splitting of the
ground state 35, ,,, and the third (m) the excited state (3P,
or 3P, ;).

We assume the pressure low and neglect the effect of
collisions on the density matrix. In addition, we assume that
the homogeneous linewidths are much smaller than the
Doppler parameter kv and the spacing A of the hyperfine-
structure components. In our case the field interacts inde-
pendently with each of the components (the Bennett peaks
do not overlap). The contributions from both transitions to
the distribution of the excited atoms is additive under these
conditions. Without loss of generality, we can therefore
write the equations for the density matrix under the assump-
tion that the field acts on only one of the transitions (for the
sake of argument, m—-n). We write down these equations in
the reference frame of the atom passing through the light
beam:

(d/dt+-2T) pm=—2 Re[iGmn" (t) pmal,
dp../dt—l‘p...=2 Re[iGmn‘ (t) pmn]’ (4)

[d/dt+T—i(Q—KkV) ] pmn=iGmn (t) (Pr—Pm),
dp)/dt—Tpm=0, Gmn(t)=E (t)dmal2k, Q=0—@ma.

Here E(t) and o are the amplitude of the electric field and
the radiation frequency; d,,, and w,,, are the dipole-mo-
ment matrix element and the frequency of the m-n transi-
tion; 2I" is the decay constant of the excited state.

Equations (4) are written under the assumption that
the frequency of the resonant transfer of the excitation is
negligibly small compared with the spontaneous-decay rate
I". We solve the system (4) with the initial conditions

Pn,1(t—>—) =NB, W (), pn(t-—)=0.

Here B, ; are Boltzmann factors. W(v) is the equilibrium
Maxwellian distribution, and N is the atom density.

We examine now the evolution of the density matrix as
the atom travels through the light beam. The particle first
enters the periphery of the beam, where the field is weak
(|G |><€T? + (Q — kv)?). In this case we have as a solu-
tion of the system (4):

Pm(8) =B W (V) NA%kma () exp[ —TA j'nm(t’)dt' ]

Pa(8) =B, W (V)N exp [ -TA 5 Kemn (87) dt’ ],
- (5)
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p(t)=W (V)N {1—B,. exp[ ——I‘Aj: Hmn (t')dt'] },

A=T?[[[*+(Q—kv)*],  %mn (t)=|Gma(t) |*/T".

Relations (5) describe optical transfer of resonant-ve-
locity atoms from level n to level / via the excited state m.
The transfer rate is characterized here by the argument of
the exponential

t
oy AT ( A% )~’
I‘A__[n,,.,. (¢)dt' ~ 5 7
-1
=’i"ﬁ\_[ d(In %mn) ] (6)
2 d(I't)

For allowed atomic transitions, the characteristic
atomic time 1/T" is much shorter than the time of passage of
the particle through the light beam. Under these conditions
the field increases slowly in the atom system (i.e.,
d(In x,,,)/d(I't) €1). Thus, optical pumping can be effec-
tive in weak fields (x,,, A<1) because it proceeds quite
slowly. After passing through the peripheral light beam and
landing in the strong-field region (where x,,, AR 1), the
atom turns out to be already optically pumped, i.e., in this
region we have

pn(t) =pm(t) =0, pl(t) =W(V)N

The behavior of the density matrix in optical fields of
any intensity is thus well described by expressions (5), pro-
vided only that I"' >U/a, where a is the beam radius.

We calculate first the current in the simplest case of
optical pumping. These conditions are realized at a small
saturation parameter (x,,, <U/I'a) and in the absorption-
line wing (2> kv). We write in this case the expression for
Pm (r,v) with allowance for excitation from both hyperfine-
structure components. Assuming the field to have the form
of a Gaussian beam, x,,, = x2,,exp( — r2/2a%), we get

NI*% s’ 0xp (—1%/24a%)
I* +(Q'—kv+A/2)*

NI%m,° exp (—r*/2a%)
I+ (Q —kv—A/2)*

Pm(r, V)= B W (v)

+B,W(v) (7

The number Q(v) of ions produced per unit volume and
per unit time in a unit velocity interval is calculated from the
equation

Q(vi-f o (u) |u|pm(v+u/2) pm(v—u/2)du, (8)

where o (u) is the associative-ionization cross section and u
is the relative velocity of the colliding excited atoms.

In the region Q S kv the excitation is extremely veloc-
ity-selective, and it can be assumed in the calculation of the
integral (8) that p,, (v) is a 8-function of the velocity com-
ponent v, along the wave vector. Substituting (8) and (7) in
(2) we obtain for an optically thin medium the following
expression for the current (we assume for the time being that
vd /4vg £1)
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T2 (k) o
xomp -2 (F522)']
xE22 4 0% k() BB expl— 2(2/k9)")

( Q'—i&/z )'] Q'—A/2 } ’
. - s (9
K(u))= > jo. exp( % ) o((ul+u)*) (ull+ut) *u du,.

+ K (0) By (k") oxp| 2

Here u, is the orthogonal component of the velocity, and
K (u, ) has the meaning of the relaxation constant (3) under
conditions when one of the components of the relative veloc-
ity of the particles is firmly specified and is equal to u, , while
the particle distribution over the remaining two velocity
components is in equilibrium.

In the absorption line wing (2> kv,A). When the exci-
tation is practically balanced with respect to v, , the current
satisfies the relation

na*de v I'kv

2 0. O (Bn”mno-i_Bl”mlo) z'
s
w (10)

2\" 1 ( u?
K:(}.‘_) = ) exp —g) o(u)u®du.

J=KN*

Here X is the reaction rate in a gas with equilibrium velocity
distribution.

If we assume that K (u,, ) = K, i.e.,isindependent of 4, ,
it is easy to obtain for the value of the light induced current
an expression that is valid for any detuning (2':

na’dN’eKz?{ 2 , A) [ ( ;4 A
=Gz  |I» +— )+ n Q" +—
7 8T, w(ﬂ 5 ) T Pap @ 3 )
)] +poele -3}
+(‘p(Q —? +P1‘P Q 2 v

o

Dn, l=2Bn lrumn ,mi j I“W(v.)dvl

I+ (Q' —kv,£A/2)* °

Re[zw(z) ] Q +i£—,

2 = (11)
Re[w(z)]’ kv kv '

p(Q)=

w(z)= e""( 1 +§,;—f e” dt) .

Here p,,, is the probability of radiation absorption by an n-
or l-level atom located on the beam axis, while ¢ ({2) is a
function introduced in Ref. 8 and describing the frequency
dependence of the SID effect. Recognizing that the relation

@ (Q£A/2) =—"/,k5dp,, /I,

holds at low values of the saturation parameter, we can ex-
press the current in terms of radiation power AS({') ab-
sorbed in the cell:
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S vk kv d_ AS(Q") ]
32na'dvs 2 dQ'L Rel

Thus, when the optical pumping is negligible, the light-
induced current line shape is the derivative of the square of
the absorption-line profile. Since the hyperfine structure
cannot be resolved in the J(') plot.

We discuss now the case when the optical pump plays
an essential role. To understand the ensuing qualitative
changes, we turn to relations (5) and consider a simple ex-
actly solvable case, when the field has the form of a one-
dimensional Gaussian beam: x,,, = x°,exp( — x*/2a%).
We rewrite the expression for p,,, from (5) in the laboratory
frame:

(12)

Pm(Z, V)

NB.W (¥) Akims® SXP{“_A.‘. °XP( ; “)"“'}'

v:=>0,

NB.W (V) A%ima® e‘xp{ A jexx)( ;" ) d&"}'

v.<0. (13)

Integrating (13) with respect to the coordinate, we obtain
the excited-particle distribution function in velocity:

T )],

(14)

pm(V)=B.W (v )NI ’I [1—exp(—(2n)"

Figure 1 shows a plot of p,,, (v, ) at various saturation
parameters. At small x3,,, when the argument of the expo-
nential has an absolute value much smaller than unity, the
optical pumping is insignificant and the plot of p,,, (v ) has
the usual Lorentz shape.

Let us note the properties of the Bennett peak under
conditions when the optical pumping is strong. The ampli-
tude of the peak is ['a/2|v, | times smaller than the equilibri-
um distribution function of the particles on the level n. Atv,
close to Q/k, the exponential in (14) can be neglected and
Pm (v,) is determined only by the factor W(v, ). At veloc-
ities greatly differing from Q/k,

P

|
1
/ | >
' /K Y,

FIG. 1. Distribution function of the excited particles with respect to the
velocity component along the wave vector under optical-pumping condi-
tions, (27)'/?Ta/|v, | = 10%, T'/kv = 1072, for different values of x0,,:
1—1072; 2—1; 3—10; 4—10% 5—co.
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|os—Q/k| > (T/k) (%maTal 0] ),

the argument of the exponential is small in absolute value
and the optical pumping does not play a significant role, so
that the Bennett peak has the usual Lorentz wings. For the
width of the peak we have the estimate

Avi~ (T/k) (%mn'Tafp)™. (15)

We see that broadening is produced in this case there not
only by the field but also by optical pumping.

To obtain numerical values of the current, we estimate
the integral

f Q(v)vadv~pm’a?,

wherep,, is the excited-particle density whose order of mag-
nitude is (Nv/Ta) (Av, /v). Substituting the expression for
Av, andp,, in (16) and in (2), we obtain an estimate for the
current:

J~edav ol %mn/Vek?.

(16)

(17)

Expressing p,, in (16) in terms of the absorbed power,
we get

J~e(AS/hoT) 209/ Vvs, (18)

which agrees with the estimate of Ref. 1 (¥ is the volume of
the radiation-absorption region).

It is easy to estimate from (18) the value of the current
under the typical experimental conditions ¥ = 10~2 and
AS = 3 mW. The published values of the cross section for
reaction (3) range from 5-107 ' to 10~ '3 cm? (Ref. 9). We
use for the estimate o = 10~ '® cm?. The order of magnitude
of the light-induced current is 107 '° A.

As for the frequency dependence of the current, it can
be stated that it is antisymmetric in ', and behaves at
Q'> kv as the derivative of the squared absorption-line pro-
file. In addition, since optical pumping broadens the Bennett
structures, it is correct to conclude that the hyperfine struc-
ture is likewise not resolved in this case.

3. EXPERIMENT

We have investigated light-induced current in sodium
vapor. The experimental setup consisted of a cw dye laser
(Spectra-Physics model 375), a cell with sodium vapor, and
a current meter.

The laser operated in a two-frequency regime, with a
total lasing line width ~480 MHz. The frequency was tuned
by tilting an intracavity Fabry-Perot interferometer, com-
prising a plane-parallel quartz plate 3 mm thick. The typical
radiation power was 70 mW. The radiation was focused by a
lens into the working cell. The beam-constriction diameter
was approximately 0.2 mm.

The working cell (Fig. 2) was a parallel-plate capacitor
with openings at the electrode centers for passage of the
beam. The distance between electrodes was 2.5 cm. They
were housed in an evacuated glass container. Sapphire plates
were placed between the glass windows and the electrodes.
These plates, first, preserved the optical property of the win-
dows during the experiment, since sapphire does not react
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FIG. 2. Diagram of working cell: 1—electrodes; 2—glass windows; 3—
sapphire plates; 4—beryllium-ceramic sleeves; 5—stub with metallic so-
dium, 6—laser beam.

chemically with sodium. Second, sapphire acted as an elec-
tric insulator. This was particularly important, since heating
lowers the glass resistance appreciably, and furthermore an
emf up to 0.5 V is produced on a glass-metal junction. This
parasitic potential difference, greatly exceeding the ion ener-
gy, gathered the ions on one of the electrodes and made the
signal symmetric about '. This could be eliminated only by
very carefully insulating the glass from the metal. The leads
from the cell were insulated from the glass by beryllium ce-
ramic sleeves.

The sodium vapor was fed to the cell from an autono-
mously heated stub. The cell parts were joined together with
a heat-resistant adhesive. The vacuum was not worse than
21075 Torr. The cell working temperature was 130 °C. The
stub was heated in a manner that produced a sodium-vapor
density sufficient for noticeable absorption of the light. The
vapor density was of the order of 10'2 cm 3, with ~3 mW
absorbed at the center of the line. The current signal was
measured with a U5-6 dc amplifier.

The experiment consisted of recording the current and
investigating its dependences on the radiation frequency, on
the direction of the wave vector k. On the resonant-fluores-
cence intensity, on the voltage across the cell electrodes, and
on the buffer-gas pressure.

A typical experimental plot of the current as a function
of laser frequency is shown in Fig. 3. It can be seen that the
plot is symmetric and there is no current at Q' = 0. The sign

710" A
J+

| | {2, GHz

-5
FIG. 3. Experimental plot of the current vs detuning of radiation frequen-

cy.

Atutov et al. 1152




J- 10" A

0.6

12

FIG. 4. Current vs squared intensity of the resonant fluorescence.

of the effect is such that the ion motion and the beam propa-
gation are in the same direction for “blue” detuning of the
frequency, and opposite for “red” detuning.

Reversal of the sign of the wave vector k changed also
the direction of the current, likewise confirming our ideas
concerning the nature of the effect. The light-induced cur-
rent was of the order of 10~!' A, in agreement with the
estimates of Sec. 2.

When a voltage was applied to the electrodes, the plot of
the current as a function of )’ became distorted. When the
voltage reached =40 mV, the sign of the current no longer
varied with the frequency detuning. This points to an ion
energy ~0.04 eV, i.e., of the order of the thermal energy of
the atoms. With further increase of voltage, the current in-
creased and saturated at ~0.5 V. Saturation was reached
when all the ions produced in the cell landed on one elec-
trode, and all the electrons on the other. It is easy to calculate
from the saturation current the total number of ions pro-
duced in the cell per unit time, and estimate the density of the
charged particles. In our experiments the saturation current
was 2-107'% A. The corresponding estimate for the ion den-
sity yields ~4-10~* cm™>. At this density the Debye radius
is ~1 cm. We operated therefore under near-plasma condi-
tions.

Let us write the expression for the saturation current:

Jn=2edIQ(v)dv. (19)
Comparing (19) with (2), we easily find the relation
between the saturation current and the light-induced cur-
rent at equal Q(v):

710" A
1

0.5

o

J ]
2 4 P Torr

FIG. 5. Light-induced current vs helium (light circles) and neon (dark)
pressure.
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1= 2 g, w=fomudr/ [ oman. (20)
8

Here v, has the meaning of the average initial ion velocity.
From this equation and from the values of J and J,, it fol-
lows that v,~v/2. which agrees both with the estimates ob-
tained from the value of the barrier voltage and with the
theoretical value.

Evidence that the current is due to ions produced by
associative ionization from the excited state is afforded by
the quadratic dependence of the current on the intensity of
the resonant fluorescence (see Fig. 4).

It can be seen from (2) that the light-induced current is
rather simply related to the buffer-gas pressure. The effect
can herefore serve as a rather simple method of measuring
the frequency of the collisions of the ions with the buffer
particles. Experimental plots of the current against helium
and neon pressure are shown in Fig. 5. Our measured values
of the diffusion coefficients of Na," ions in helium and neon
at 400 K, when recalculated to 60 Torr, are respectively
0.53 4 0.05 and 0.18 + 0.04 cm?/sec. The measurement re-
sults agree well with the handbook data. The diffusion coef-
ficients of Na,", calculated from the approximate equation
of Ref. 10, are 0.55 and 0.19 cm?/sec in helium and neon,
respectively.

4. DISCUSSION AND CONCLUSIONS

We have reliably recorded the self-induced-current ef-
fect. The behavior of the effect agrees well with our ideas
concerning its nature. We have qualitatively considered the
behavior of an optically pumped three-level system in a colli-
sion-free situation. We note that the effect can be apprecia-
bly strengthened by using a two-frequency laser with a fre-
quency difference equal to A, since this would obviate the
need for optical pumping.

The effect can be use to study associative-ionization re-
actions, and to determine the cross sections and energy de-
fects of these reactions. Using the velocity selectivity of the
excitation, we can study the velocity dependence of the cross
sections; this is of particular interest for endothermic reac-
tions, in which the energy defect is compensated for by the
translational-motion energy of the atoms. In additions, as
shown in Ref. 1, light induced current can serve as a method
of intra-Doppler spectroscopy for weak currents, in view of
the accumulation of the slow ions. For the above reasons we
regard further research into light-induced current as prom-
ising.

In conclusion, the authors thank S. P. Pod’yachev and
D. A. Shapiro for valuable discussions during all stages of
the work.
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