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Light-induced current in plasma
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The theory of light-induced curretIC) in plasma, and the results of experimental investigation of this
effect are presented. The current was induced by laser radiation in helium and hydrogen rf discharge. The
measured magnitude of this current wagA in helium and 0.04uA in hydrogen plasma. The theoretical
estimations of LIC magnitude, its dependence on laser frequency detuning, and gas pressure are found to be in
good agreement with experimental data. The application of LIC in measuring ionization and transport collision
rates of excited atoms is also discussed. A light-induced current may have been an important mechanism in the
magnetic field generation in stellar atmospheres, in particular, in the solar atmosphere.
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PACS numbe(s): 42.50.Vk, 34.50.Gb, 32.80.Rm, 82.80.Kq

[. INTRODUCTION and helium plasma of rf discharge are presented. We used
laser radiation with frequencies corresponding to transition
Light-induced gas-kinetic phenomena have been the su=2 to n=3 (H, absorption line withx=656.4 nm in
ject of intense investigation for the past 15 yefdrs4]. The  hydrogen and to transition'®—3'D (A =667.8 nm in he-
common feature of these phenomena is the velocity-selectiviéim.
optical excitation of the absorbers. The flux of excited par-
ticles has properties which are different from those of the Il. THEORY
flux of nonexcited particles because of a larger cross-section )
for interaction with the surrounding gas. For example, a dif- 1he essence of the LIC effect can be explained by means
ference in the transport collision rate of excited and nonexf Fig. 1. Let us consider plasma which consists of electrons,
cited particles with buffer gas particles leads to pulling orions, and neutral atoms. This plasma is illuminated with laser
pushing of the absorbers in a laser bef2h or to light- radlafu.on having a Wavel_ength _correspondmg to an atomic
induced drift of the absorbefd] (and therefore to electrical transitonn—m (level n, in particular, can be the atomic
current if the absorbers are iofi3]). The electrical current 9round level. In the case of large Doppler broadening and
may also be induced in initially neutral gas if the velocity- Narrow spectral width of laser radiation, the last |_nduce_s the
selective excited particles have a higher probability to reactransitionn—m of those atoms only, whose velocity projec-
with other atoms accomplished by ionizatigh 6. tionsv, on the wave vect_dx satisfy the foIIpmng condition:
Recently the interest in light-induced phenomena inkvz=®—om=Q (w_ is the laser radiation frequency;

plasma conditions has increased. This is due to the fact thatmn iS the frequency of the atomic transitior-m). For this
plasma, as a form of matter, prevails in the universe and€ason, the nonequilibrium additions occur in the velocity
therefore, the light-induced phenomena are undoubtedly irdistributionsf,(v,) andf.,(v,) of atoms on the levels and
teresting to science. On the other hand, in laboratory plasm@ (they are well known as Bennet gap and pedote that
one can produce a sufficiently high concentration of excited
atoms for the effective resonance interaction of these atoms

with laser radiation. This sufficiently extends the number of fi(vo)
chemical elements, which may be investigated with the help
of modern lasers. /\
In a recent papdi7] we reported the observation of light-
induced curren{LIC) in the positive column of hydrogen u2) vz
glow discharge. In this case the LIC-signal was suppressed T ionization
by a sufficiently stronger optogalvani©G) effect [8—10]
and we detected the LIC-signal using the specific properties
of LIC effect (the dependence of LIC on the frequency and /\
direction of light propagation As it was presented ifY], the fa(v2) laser v
voltage change in the positive column due to LIC was 1.5% Texcitation
of the one due to OG.
In the present work the theory of LIC in plasma is devel-
oped and the experimental results of investigation of LIC in '
rf discharge are presented. The influence of the OG effect 0 v v

may be significantly reduced or completely eliminated in this
type of discharge and LIC may be measured in a more direct FIG. 1. Diagram illustrating the origin of light-induced current
manner. Here, the results of investigating LIC in hydrogenin plasma.
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if w_#w, these nonequilibrium additions are asymmetric(with the rater¥) of atoms from some statéswith nonequi-
with respect tov,=0 and that means, particularly, that the librium velocity distribution, are written separately; (v) is
excess of atoms in the state has directed motion collinear the ion-ions elastic collision integral. The integral of ion-
to k. Obviously, the velocity of this motion is atom collision is also divided into two part§,(v) and
v, =(w —o,)/k=Q/k. Since the atom in the stamm is  2,S (V). The first of them describes the ion collision with
quite near to the ionization state, it is sufficiently easier tothe gas of neutral atoms which have equilibrium velocity
ionize an atom from this level than from the lewel Thus, distribution. The second one describes the ion collision with
we can assert here that all additional ions in plasma, whiclatoms occupying the stat&sand having nonequilibrium ve-
arise under the action of laser radiation, are mainly from thdocity distributions (this nonequilibrium may be caused by
level m. radiation absorption The last term in Eq(1) describes the

After ionization by collision with a light particléan elec- recombination of charged particles at the raf&. Here we
tron or photon the ion has the same velocity as the atomassume the atom is ionized without changing its velocity.
before its ionization. This means that all the additional ionsThis is valid if the atom ionization is caused by a nonelastic
generated due to laser radiation have a directed motion cotollision with a light particle(electron, photonand this is
linear tok with velocity v, . This is shown in Fig. 1 as the not correct if this process is caused by a collision with a
transfer of the Bennet peak from the atom velocity distribu-heavy particle, as in the case of associative ionization for
tion f,(v,) to the ion velocity distributiorf;(v,). The ions instance. Below we will consider separately this specific
maintain a directed motion during the time until the first  case. In Eq(1) we take into account the influence of a pos-
scattering or recombination. Electrons, which are also genessible electric fieldE on the ion motion. We do not consider
ated simultaneously with ions, lose their directed motion sigthe collision between ions and electrons in EL, because
nificantly faster than ions and make a negligible contributionthe latter are light particles and cannot significantly affect the
to a charge transfer. momentum of the ion subsystem.

Thus LIC is the result of the transformation of the excited Let us multiply Eq.(1) by v and integrate it over velocity.
particles flux into a flux of ions. This transformation may In the steady state case we obtain the equation for the ion

occur due to the following reactions: flux:
(i) Photoionization,
e .
A*+ho=A"+¢; Vreﬁi:WENi_"; V"Jﬁf VSa(V)dV+Ek fvSik(V)dv,
|
(ii) Electron impact ionization,
A*+e=A"+e+e; Ni:f fi(v)dv, ji:J'Vfi(V)dV, jk:f vi(v)dv.
(iii) Associative ionization, 2
A* +B=AB +e, HereN; is the ion concentratio, is the ion flux,j, is the
flux of atoms in the stat&. Deducing Eq(2), we take into
(iv) Resonance charge exchange, account thaf'vg;(v)dv=0 andfvS;;(v)dv=0 because ion-
ion collisions do not change the total momentum of the ion
A* +AT=A"+A*; subsystem. The ternfivS,(v)dv in Eq. (2) describes the

friction force for the ion flux in the gas of neutral atoms,
which for clarity is considered as a motionless gh§. It is

A% LAY = AF 4 AT obviou_s that thi; force is directed again;t the ion flux and its
' value is proportional to the value of the ion fl{&2]. Hence

Note that the last two reactions do not change the totail® following equation is valid:
number of ions. The mechanisfw) of the translational mo-
tion transfer from atom subsystem to ion subsystem is caused _ ot
b . . o J vS,(v)ydv=—1];, ©)

y excited atoms having a larger collisional frequency due to
their larger polarazability.

Now we shall consider a more detailed description ofwhere!" is the ion transport frequency with respect to col-
LIC. First, let us consider the kinetic equation for ions ve-lisions with atoms. Consequently, the terfhsS; (v)dv de-
locity distribution f;(v) under the homogeneous condition: scribe the friction force between the ion flux and the flux of
atoms in the stat&. In this case the more general equation
than Eq.(3) is valid:

(v) Elastic collision of excited atom and ion,

J e Jd _ Z K
ﬁfi(v)_"WE'Efi(V)_qi(V)_F 2V f (V) +S;i(v)

dv=— 'tr-i_’_ tfi' ' 4
FSa(V+ 2 Si(v) =¥ *Hi(v). f VSi(V)dv=—widi + vl @

1) where v}, is the ion transport frequency with respect to col-
lision with atoms in the statk and v{; is the transport fre-
In this equationg;(v) is the velocity nonselective source quency of an atom in the state for collisions with ions.
of ions; the terms, which describe the ionization incomeThese frequencies are related by the equation
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tr tr
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The first term on the right-hand side of B¢) has the same VI Vet Tk Vek
sense as in Eq3) whereas the second term describes the ion

drawing by excited particles flux. Usin@), (3), and(4), we €Te Ky try:
' ’ L] ’ e + +
obtain: o ENe Te; (V' + i,
e 1
VENi + 3 (VR )ik or Te=— (10
. i i . t t
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I |
wherev;r is the electron transport frequency in plasmais
the transport frequency of electron collision with atoms in
B 1 ©) the statek, vf, in opposite, is the transport frequency of
it ec. - atom in the stat& with respect to collision with electrons,
e T and, is the effective mean free time of electron. In the case

of ionization by electron impact, one can easily obtain by

This equation has clear meaning: the ion flux arises i stimations s?mil_ar t_o those frog) that Vk.w VEE and there—_
plasma due to ion drift in the electrical field and as a result of ©€ POth the ionization and electron drawing effect may give

momentum transfer from atom subsystem to ion subsysterfi®MParable contributions to electron flux. _
due to collisions or ionization acts. lonized atoms preserve The electrical current in plasma is determ.med by the dif-
their directed motion during an effective mean free time '€rence between the ion and electron fluxes:

until the first collision with a neutral atom or until recombi-

nation. Usually a physical parameter such as ion mobility is i=ii—je=(mi+ ) ENi+ X (7= 7o) ¥Nji

used for the description of the ion drift in electrical field: k

er; +§k: (7 V}(ri_TeVIt(re)jky
v (7
eTe
Let us compare the values of the ionization frequency Me= "y (11
v and the transport frequenay; from Eq. (6) for the case
of electron impact ionization. One has The first term on the right-hand side of E41) describes

the well-known Ohm’s law, whereas the second and third
(8) terms appear due to velocity nonequilibrium in the atom sub-
system. Only these terms are of interest for us; hereafter for
. . . simplicity we will omit the term describing the charged par-
where N, is the eile.ctron concentrat}om,e is the .the'rmall ticle drift in an electrical field.
electron velocity,o, is the cross section of atom ionization  Hoyever, one can always neglect the electron flux contri-
by electron impacty; is the thermal ion velocity, andy; is  pytion to the light-induced current. Indeed, electrons have

the transport cross section of ion interaction with an atom isignjficantly larger transport collision frequency owing to a

plasma wherdN.=N; . So, from Eq.(8) one can obtain

tr

Ve UgeOea M;

—— [, 12
Vgiwﬂa'ki: [ Tim Uki%\/i © v v, m 12
WK T Te

Ue U'Ie eM; 0'Ie . . .
Here, it has been taken into account that for the polarazation
o PR 16 potential of interaction of a charged particle and a neutral
Here we take for estimationsm/M~10"%, ¢,~10 atom, the following relation between transport cross sections
cm?, gj=~10"** cm?. of an electron and an ion in collision with a buffer gas is
Thus, according to Eq9) the electron impact ionization yglig:
and the ion drawing effect may make comparable contribu-

k i tr
V'~Neveoe, i~ Nivjoy,

tions to the ion flux in equilibrium plasmar(=T,), but in Oea T

gas discharge, where the electron temperature is much higher N1 (13
than the ion temperaturg/T;/T,~10"%, the role of the ion a ¢

drawing effect is negligible. According to(12), 7> 7; and LIC in plasma can be very

Note that electrons, which are generated simultaneousliccurately determined by the light-induced ion flux only:
with ions, have on the average the same directed velocity and
iLIC

for the electron flux one can obtain an equation &g == (19
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Let us consider now the process of associative ionization For instance, in the Thomson approximatiph3] the

as the result of the collision of an excited atéki and a
buffer gas atonB which is accompanied by molecular ion
AB* and electron generation.

A*+B=AB"+e. (15
Kinetic equation for the molecular iomsB™ can be writ-
ten as(in the absence of applied electrical fie):

d
Ffiv=aw+ 2 f Wifi(va) fa(v2)

M pvi+ MgV,
X 6| v— W dv,dv,+Si,(v)
+ 20 SV = V(). (16)

Herew, is the probability of associative ionization for the
atomA in the statek having collided with the particl®. For
simplicity we assumev, independence of the velocities of
the scattered particles. Thefunction in the integrand cor-
responds to momentum conservatiome neglect electron
momentun, M, and Mg are the masses of the particlas

cross-section of ionization by electron impact is proportional
to | ~2, wherel is the ionization energy for a given atomic
level. Furthermore, due to the Boltzmann factor exig(,) a
larger number of electrons are capable of ionizing atoms
from the upper level. Accordingly, for two atomic states with
an energy difference in a few eV it is typical that the ioniza-
tion rate from the upper atomic level is one order or more
greater than the ionization rate from the lower level.

For associative ionization one often encounters situations
when atom ionization is possible only from the upper level
of interest and it is impossible from the lower level. In par-
ticular, in the present work we investigate LIC in helium and
hydrogen where associative reactions can play the main role,

He(3'D)+He=He," +e, (19

H(3)+H=H," +e, (20

however similar reactions with HetP) and H2) are ener-
getically forbidden.

As a summation of this discussion, we can conclude that
in many cases it is correct to neglect in E@8) the terms

and B. Associative ionization usually plays an appreciablecorresponding to atom ionization from the lower) (evel of

role in low temperature plasma where charged particles connterest and to the ion drawing effect in nonequilibrium
centration is much less than that of neutral atoms. Thereforg|asma.

in Eqg. (16) we consider ion-atom collisions only. By multi-
plying onv and integrating over velocities in E¢L6), one

can get the following expression for the flux of molecular

ions:

. M .
_—ATiE (V)i

JI MA+MB k v NBW’

(17

whereNg is the concentration of buffer particl& As can
be seen from comparison of Eq$) and (17) they diverge
by the additional factoM ,/(Ma+Mg) in Eq. (17). The

origin of this factor in the case of associative ionization is

rather clear.
The general formula for the light-induced ion flux, which
fits the both cases, can be written as

ji“°=an§ (P vk, (18)

a=1 for ionization by light particle,
a=M,p/(Mp+Mp) for associative ionization.
As could be seen from a quality picture of LIC origisee

Fig. 1), fluxes of atoms in statds(usually, two atomic states
n and m adjasted by laser radiatiprare created due to

Thus, the simple equation for the ion flux is valid:

SLIC _

| (2D

ativM .

To determine the flux of atomA in the statem we have
to consider several situations.

A. Isolated transitions n—m (Fig. 1)

Here, we mean that radiation excites an atom from the
staten to m from which the atom spontaneously decays back
to the staten. An example of such a transition is the transi-
tion 2'!P—3D in He, which is experimentally investigated
in this work (the helium transition 2P—3°D also has the
same property and was used for the OG effect studied in
[10]).

The kinetic equation for the velocity distribution of atoms
in the statem can be written as

0
Efm(v) + (Ym+Amn) Fn(V) =dm(V) + Su(V) + Pmn(V).
(22

Here A, is the first Einstein coefficient for atom decay

velocity-selective absorption of radiation and their values ardrom the levelm to the leveln, vy, is the frequency of an

not too different from one anothéthe important exception
to this rule will be considered belgwHowever, these atom

fluxes give significantly unequal contributions to LIC be-

atom leaving the state due to nonelastic collisions, in par-
ticular, ionization. The parameteqg,(v) andS,,(v) have the
same meaning as in E@L) for ions. The parametey,,,(v) is

cause of a large difference between rates of atom ionizatiothe probability for an atom with velocity to absorb photon
from these states. This difference of rates is due to theiper unit time and voluméwith an atom transit from the level

strong dependence on the energy of these states.

n tom) [4]:
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1f Wi (VT mn
r

_ Bom Q (f On 4 ) d(O)= d JCDQdQ—
PV =2 [ 160, 1200~ P ) = e | eede=1,

(28)

mn
X
T2 +(Q—Vnwm,/c

Here ® (L) is the Voigt function which describes the
shape of the broadened absorption line corresponding to the
transitionn—m. With the help of Eqs(27) and(28) we get
the following expression for the light-induced ion flux in

zdnd0. (23

In Eqg. (23) 1(,n) is the spectral intensity of radiation
spreading in the direction, I',,,, is the homogeneous line-

width (half-width at half maximum, including natural and Plasma:
pressure broadeniipgcorresponding to atom transition »2 m
N—m, wm, is the frequency for this transitiow,, ,, are the R L S Bnm( NO— %N?n>
statistical weights of the statesandm; B, is the second 2 ¢ Apnt Ymtrn Om
Einstein coefficient related with the first one by the equation d
><J nl(Q,n) —d(Q)dndQ. (29
fiwmedn dQ
mn=5 22~ Bnm- (24) . . . . e
27°Cgm Now we consider some approximations simplifying the

formula (29). If the laser with spectral width of radiation
In our consideration we neglect the atom velocity changenuch less than the broadened linewidth is used as the radia-
due to photon recoil. tion source, the spectral intensity may be considered to be a
In equilibrium and in the absence of radiation the particlesmonochromatic one,
in the upper and lower states have the Maxwellian velocity
distribution Wy (v), 1(Q,n)=1.6(Q2=Qp)d(n=ny), (30

v

1
f0 n(V) =N \Wy(v)= N%,n—wzexp( -—
vTT vT

radiation frequency detuning from the center of the absorp-
tion line and the radiation spreading direction, respectively.
With the help of Eq(30) the integration in Eq(29) over the

2) wherel is the laser radiation intensity arfd, ,n, are the

2T frequency and direction of radiation spreading can be easily
" N'm (29 performed:
v2 m
WhereNﬂm are the concentrations of atoms in the statesr ji=— nLa—T Pmn Tiy—tr Bim
n, T is the gas temperaturb] is the particle mass is their 2 ¢ Apnt Ymtm
thermal velocity. As mentioned above, radiation creates non-
S S . o ) On d
equilibrium additions in the velocity distributions of atoms in X Nﬂ— _N?n) I =——®(Q)). (31)
the upper and lower states and therefore the macroscopic 9m do,

fluxes of atoms in these states. To calculate the value of the Note here the important moment, specific for LIC. As a

flux j,, let us multiply Eg.(22) by v and integrate it over X : . e S
. - ._function of the detuning@Q,) the ion fluxj; is the derivative
velocities. Under steady state conditions we get the equatloéJf the Voigt contourd (£, ) with respect taf), . As can be
seen from Eq(31), the fluxj; is an antisymmetric function
(Amnt '}’m)jm:J VSm(V)dV+f men(V)dV- (26) of Q'—' o .
Further, it is typical for the spontaneous rates of atom
o . o decay to be significantly larger than the collision rates

For the friction forcefvSm(v)dy the rel.at|on similar to (Ami> ym+ v1). This fact, along with Eq(24), allows us to

Eg. (3) holds. So, by means of this equation, we get write (31) as

JVPmn(V)dv m2vic g g d
Im Amnt Ymt VF, (27) Ii n o hol. TV gn<Nn gmNm)ILdQ(D(QL)'
(32

where v is the transport frequency for particles in the state ) S . .
m. Calculation of fvp,,(v)dv may be performed with the In this approximation the magnitude of _the ion flux and
help of Eq.(23) where in linear approximation with respect therefore of_LIC does not depend_upon line strength._ _That
to radiation intensity the equilibrium distributiorf@s) may ~ Means, for instance, that for two isolated atom transitions,
be used. It is easy to obtain which greatly differ one from another by their strength,
LIC’s which are equal in magnitude may be induced.
2 o g In the case of large Doppler broadening the following
j VPm(V)dv=— ?T ﬂBnm( Nﬂ— —mN?n) approximation for the Voigt function can be used:
c n

2

d 1 Q
anl(ﬂyn)d—ﬂtb((l)dndﬂ, D)~ \/;wDex “\as
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d 20 Q)2 20 comparing experimental data it is convenient to use the ratio
m(b(ﬂ)% - —3ex;{ - (—) =-——0(Q), of the LIC amplitude to the density of the absorbed radiation
\/;wD “p “p power at the line center,
(33
vy _ i _ ejimaX: e 1/2a7- evy "
@p =" @mn- 7 P(0) W(0) V2 honn Apnt Yt v
The maximal value of |d®(Q)/dQ]| iLc=ejis. . (38)

=\2/(Jmw3)exp(—1/2) is achieved atQ=*wp/\/2,
WherewD is the Doppler width of the absorption line. Con- Here s_ is the cross-section of a laser beam and

sequently, the maximal value of LIC is P(0)=W(0)s, is the absorbed light power in plasma per
)3 length unit. The valuey describes the effectiveness of the
max__ mC 2 12 mInf o 9m o light power transformation into the electrical current.
]i ——nLa—4 —e T; - Nn__Nm IL'
hwm, ¥ T m On
(34) B. Case of collisional mixing of several atomic states
Note that in these approximations, according to B4) the ~ Now we consider the system of atomic states, which con-
magnitude of LIC does not depend on the thermal velocity oSists of two groups of the nearest levels of the uppeand
atoms. lower n states. There are optical transitions between the

To compare the theoretical and experimental data it i$eparate states of upper and lower groups. We assume that
convenient to connect the LIC value with the absorptionenergy differences between the states inside both groups are
power of laser radiatiofV(Q)) per volume unit: small (<T), thus there is an effective mixing inside these

groups due to the collision of atoms. This situation takes
place, for instance, for the hydrogen transition which corre-
W(Q):h‘"mnj Pmn(V)dv sponds to theH , line. It is well known[15] that this line is
formed by seven spectral components.

To calculate the flux of atoms in the upper group of states,

we use the kinetic equation:

g
=h omBnnl L( Ng_ gm

n

NS |D(Q). (35

; J
With the help of Eqs(31) and(35) one can get Efm(V)JF 7m+§n: Amn> £ (V)
. v2 ™

d
—W(Q). (36

=—n s
J= T2l At Yt 15, O = (V) + (V) + 2 prur(V)
n

In the case of large Doppler broadening and by using Eq.

(33) this equation can be written as: + 2 [vmmfmr (V)= Vo fm(V) 1. (39)
m/
_ Q p™m W(Q)
Ji= T “UTw_D Amnt Ym+ V8 homn” (37) Here v, is the collision frequencies of atom transition

from a statem to a statem’. For simplicity we assume that

Equation(37) has a form which is the most convenient for &om velocity does not change under these collisions and
the physical meaning of LIC being made clear. Indeed, the/mm = Vm'm=vm. Other parameters have meanings similar
factorNy,=W(Q)/(fwy,) is the number of atoms excited in © those from Eq(22). By multiplying Eg. (39) on v and
the statem by light per time and volume units. The velocity Ntegrating it over velocities, one can obtain
of these excited atoms i®+Q/wp. Only the portion
&= vm/(Amn_Jr me_r y};) of these excited atoms gets ior_1ized, _ (A + ym+ VH1+ V(m))jm=j VPm(V)AV+ v . (40)
before leaving this state due to spontaneous decay, inelastic
collisions or elastic ones with a change of atom velocity.

Therefore,N;=¢N,, is the additional source of ions gener-  Here we introduce the notations
ated with the directed velocity;=avQ/wp. The ions
maintain this motion during the time . The concentration

of ions, which have directed motion, igN; and the ion flux Am:En: Amn pm(V):En: Pmn(V),

is ji=vi7iN;. (41)
Equation(37) was deduced in linear approximation with

respect to radiation intensity. However, it can be shown in a ,,(m>:2 A jupzz im.

similar manner as if14] that this formula is valid at an m’ m

arbitrary radiation intensity and under weak restriction on
relaxation details. In other words, the LIC magnitude is pro- Using Eq. (40), we find the total flux of atoms in the
portional to absorbed power of radiation. In particular, forupper group of states,
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1 -1 ionization state

S
Jup Vm§m: At yot Vg}_,. (M

] ——
% E fvpm(v)dv 42 ionization
A+ vy +pl 4 (M- (42) laser
m Am™T Ym™ Vy m excitation
If the collision mixing inside of the upper group of atom metastable spogtaneous
states is efficient ¥™>A,+ yn+ v"), Eq. (42 may be ecay
simplified:
. Sl vpm(v)dv n
Jup™ 1 - (43
E; (AmT Ymt V% FIG. 2. Schematic energy diagram illustrating the origin of LIC

in the case of a three-level atom system.
Herem is the number of states in the upper group. Fur- . N . . .
ther, in a similar manner as in the previously derived Eq'th Letl us lcons;der theFklnetlcFequatlons l\/vhthh desanet the
(36) one can get the expression for LIC, ree level sys entsee Fig. 2 orour goals 1tis enough to
write equations only for atoms im and| states, because one
02 m d can neglect the contribution of the ground atom flux to ion
2

= nar— W), current:
Ji L5 2%c (Ap+ Ym™+ v%) dow (@)

J
Efm(v) + Ymf (V) = Am(V) + Sin(V) = pim(V) + A 1 (V),

1
(Ant Ymt Vi :EE (Am+ Ymt Vg] ) (45)
0
W(o)=fiwS) f b (V). @gy ARt A ) HM =0+ SV +Pin(V).
o (46)

Here W(w) is the total absorbed radiation power over all
transitions.

Thus, if the atomic levels are strongly mixed, then all
states of the upper group are combined into one effective
state with a mean relaxation ra_te. I_f the absorption line has a (Ym+ V:;)jm: _f VPIm(V)AV+ A (47
complex structure due to contributions of several atom tran-
sitions, then, according to E¢44), the dependence of LIC
on the light frequency is complex too. This case, in particu-
lar, is near the absorption liré, in hydrogen. However, as
in the case of the isolated atomic transition, LIC dependence
on frequency is given by the frequency derivative of the Finally, from these equations we obtain the values of the
absorption line shape. This is very convenient for experimentluxes:
tal LIC identification.

Under steady state conditions we can obtain the equations
for atom fluxes inm and| states:

(Amt+Anty+ Vfr)jlzf VPim(V)dv. (48)

Apnty+ V}r Jvpim(v)dv

jm=— , (49
" AmT AR+ 7I+Vltr Ym™t Vg‘l

C. A-type transition in a three level atom system

This type of atomic transition is important in discharging
gases which have metastable states quite near ionization . Jvpim(V)dv
states. The concentration of atoms in these states may be h= AmtAnt+yn+v (50
sufficiently high to affect the discharge. The laser radiation

excites atoms from a metastable state to an upper state, from aq can be seen from Eq&49) and (50), the fluxj,, of
i , m

which the atoms rapidly decay directly or nondirectly to the etastable atoms iSA{,+y+1")/(y,+ v1) times greater
ground state. Due to this mechanism the concentration c{ﬂ o me"

: ; ; s ir _
metatale stoms may be Sgnfcanty oeceased n ugl®" e 104 fsome kSl A ). here
charge. This is the reason for the well-known “negative” ' b

OG effect, which was observed, for instance, in [N6]. If ionized state, the main contribution in LIC is given by the

the laser radiation acts on atoms in a velocity-selective wa)ﬂux of metastable atoms. With the help Of. the _expres‘?lon for
Jvpim(v)dv (28), we get the value of LIC in this case:

then the Bennet gap is created in velocity distribution of
metastable atoms and, therefore, the flux of metastable atoms 2 m r
is induced. Because metastable atoms are ionizied easier than: _ vt v Antnty  d Q

. . Ji=NLaT ir ir W(Q).
atoms in the ground states, the flux of metastable atoms in- 26C ypt vy At Aty + ) dQ
duces an ion flux. (51
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where UP™Pgi) is the current-voltage characteristic of the

Lmodutuor] I e probe andRPPe=dUP™"Ki)/di is its dynamical resistance.
In the experiment we use two hole probes which are on
,,,,,,,,,,,,,,,,, RF-generator | both sides of the plasma gap and are in contact with plasma.
Pf°"\“ proe2 poner The laser beam spreads through both probes, so LIC was
g - 7 meter directed from one probe to another. Therefore, the potential
[ / \ [ / ) D of the first probe increases and the potential of the other

probe decreases relative to adjoined plasma. Besides, there is
a voltage in the plasma column due to the ion current. As a
result, the voltage between probes arises:

o\ A\

CELL

|I resistor
AU = (RPP% RPI 4 REOD9j  =Rii| (53)

FIG. 3. Experimental configuration for measuring LIC in rf dis- WhereRErgbeare the dynamic resistance of the prob@@ is

charge. the resistance of the plasma gap between these pf@bgs
. . L . andR; is the whole cell resistance.
It is a typical situation, whem,>Am,y v . Therefore, If these probes are connected by a circuit with the ballast

the factor At n+ )/ (At A+t in Eq. (51) may  resistorR?, then in the circuit the current is generated:
be substituted by 1. The comparison of this formula and Eq.

(36) shows that LIC, which is due to ionization of metastable

atoms, has the opposite sign to LIC in the case described by - R i (54)
Eq. (36). Besides, the ionization efficienay™ (yy,+ v) in R.+RP HC

the case of metastable atoms may be significantly larger than
V™ (Aot Ym+ vp) in the case described by EB6). This  This current is convenient to detect by measuring the voltage
means that for the same level of absorbed radiation powesp the given ballast resistor. According t84), if one

the magnitude of LIC under the described conditions may bgnhgoseRP< R., then the detected current should be equal
significantly larger than the one in the case of isolated trangg j Lic With a high accuracy. We try to attain this condition to

sition in two level system. avoid the permanent control of the val@ in the experi-
ment.
I1l. EXPERIMENT
A. Method of LIC measurement B. Experimental setup

In our previous worl7] LIC was induced in a positive The experimental setup used for investigation of LIC is
column of hydrogen glow discharge with the help of lasershown in Fig. 3. In the glass cell with the inner radius
radiation spreading collinear to the electrical field in theR=0.2 cm the high frequencyf &800 MH2) discharge is
positive column. The LIC-signal was detected by a voltaggnduced in a transverse direction. Two hole probes are in
change on a ballast resistor. However, together with the LICeontact with the plasma and are spaced 5 cm apart. The cell
signal the OG-signal was detected, which was approximatelis coupled to a diffusion pump system which can provide a
two orders larger than the LIC-signal. In order to eliminatevacuum of about 10° torr. The cell is filled with spectral
the influence of the OG effect we used[if] the method of clean helium or hydrogen. The gas pressure in the cell can be
subtraction of the two signals corresponding to two alternatchanged beginning from parts of torr.
ing laser beams which counterpropagate in the cell. In the experiment we used a dye laser operating on DCM

In the present work we use rf discharge, which in its owndye pumped by an argon laser. The dye laser was tuned over
nature should not create any constant electrical field. Therghe absorption line of helium or hydrogen by an intracavity
fore, the hope arises that it helps to exclude the manifestatioRabry-Perot etalon. The typical laser power was 150 mW
of OG effect appreciably. Discharge was created with a fielchear theH , line (A =656.4 nm and 70 mW neak =667.8
directed orthogonally to the light propagation. The probesim (helium transition 2P—3!D). Laser beam was modu-
were symmetrical with regard to the discharge plagfig. lated with 23 Hz frequency by an electro-optical modulator
3). and entered into the discharge tube through the hole probes

The method of LIC detection was in the following. It is and a plasma column. In the exit of the tube the laser beam
well known that on any probe in plasma the fluxes of ionsfalls on a power meter. The probes were closed by an exter-
and electrons fall. The isolated probe obtains some negativeal circuit with the ballast resistor of 33d0. The measure-
potential relative to plasma so that these fluxes are compement of the ballast resistor voltage was performed with a
sated in their magnitudes. This potential increases if the ioselective voltmeter on the frequency of radiation intensity
flux falling on the probe is increased by some method. Bemodulation. The data from the laser beam power meter and
cause LIC is an ion flux and if this flux falls fully on the selective voltmeter were recorded by a computer.
probe, then the potential of this probe increases by the value The goal of the experiment was the measurement of the

rober - ballast resistor voltage and of the absorbed power of laser
duPeRi) . radiation in relation to the frequency detuning, intensity of

P — pprob
i uc=R™ e, 52 |aser radiation, and gas pressure.

probe_
AU di
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C. Experimental results and discussion

The total resistancB, of the discharge cell was measured (a) * X
by two methods. In the first method we measured current x 7
dependence oR" with the laser on. Assuming that this de-
pendence is described by E4), we calculateR;. In the
second method the current in the circuit was created by an
external supply with the laser off. At a given applied voltage
we measured the circuit current and calculated straightfor-
ward the resistanc®;. Both methods gave equal magni- x  x
tudes ofR.. Depending on the gas sort and its pressure the T
magnitude ofR. was varied from 30 K) to 150 KQ. We _22) _1(') o 1'0 p”
used the fixed ballast resist®’=3.3 KQ in all cases that
could give error in the measurementigf: not greater than Detuning (GHz)

10% in the worst case. The application of ballast resistors of
two different values allowed us to eliminate this error.

The experiments were performed in a wide range of gas e T
pressurefrom 0.1 torr to 6 tory in the discharge cell and in (b) *F e,
an accessible interval of laser power. Several times we re- x X
corded the dependence of ballast resistor voltage and the
absorbed laser power versus the laser frequency at fixed
setup parameters. The signal of absorbed power was ob-
tained as a result of the computer subtraction of the light
powers at the cell's input and output. This operation was Toox "
performed in real time scale and allowed us to decrease sig- e x
nificantly the influence of laser instability under conditions x
when radiation absorption was weak. Besides the absorbed I I Ll I
radiation power we measured the fluorescence intensity as a 20 -10 0 10 20
function of the laser frequency.

It revealed in experiment that there was some region of
pressure near L torr for He and 0.3 tor_r for H where the FIG. 4. Experimental data on LIC signal (*) and spontaneous
profiles of current dependence on detuning were very close . ="~ ; - . ! :

I . . emission intensity¥) vs laser radiation detuningg) in helium, (b)

to the frequency derivative of absorption line shape andrn hydrogen

hence, corresponded to the pure LIC manifestation. The sign '
of the signal also corresponds to the sign,@gf . The change connected with the depletion of metastable atom population
of the direction of light propagation to its opposite led to thevia optical pumping and, therefore, a decrease of the electron
signal sign change. All these facts allow us to state that unejection rate from one of the probes when it is struck by
der this condition we observed the light-induced current efmetastable atoms. In our experiment the laser radiation did
fect and, moreover, without OG effect revealing. The typicalnot act on atoms of He or H at metastable levels but, on the
current signals and absorption line shapes for He and H afontrary, a signal like the OG-signal was detected. It was not
“optimal” values of gas pressure are shown in Fige)and  our goal to investigate the nature of this additional signal.
4(b). The curves corresponding to LIC are obtained as aVe supposed that this is a variety of the OG effect and,
result of direct signal recording. The absorption line shapesnoreover, the full symmetry of electrodes and discharge was
were obtained by computer processing of several measur@ot achieved in our experiments. This additional signal we
ments of absorbed light power and spontaneous emissiaskcluded by computer processing of experimental data using
intensity. The frequency scale was determined by the Fabrythe specific distinctive features of LIC- and OG-signals. Ac-
Perot etalon. Because there is an isolated absorption line mally, OG-signal repeats the shape of the absorption line
helium, the LIC-signal has a very simple form: the curve isand, in particular, it does not change its sign with the change
antisymmetric and has a sole intersection withxrexis. In  of the detuning sign. As was mentioned above, LIC-signal
the case of hydrogen, LIC-signal is more intricate and exfollows the absorption line frequency derivative profile and
pressive in accordance with the compousdveral spectral has, in principle, sign-changing behavior as a function of the
componentsshape of theH, line. This curve meets the  laser frequency detuning. The integral of LIC-signal over
axis several times and, as it must be, the integral of LICdetuning should equal zero. The processing consisted in sub-
signal over frequency is very close to zero. tracting some signal, which is proportional to absorption

Outside the region of “optimal” pressure we observed aline, from the experimental signal. The magnitude of weight
current signal additional to that one predicted by LIC theory factor was chosen so that the integral of the residual signal
The shape of this additional signal coincided with the shap@ver detuning was equal to zero. Tests show that the residual
of the absorption line, which is typical for OG effect. We signal is close to the derivative profile of the absorption line.
should note here that under condition of rf discharge such &hus, we can conclude this residual signal corresponds to
kind of signal was observed in an earlier wd@@]. In that  LIC effect. Such processing allowed us to make the correct
work the nature of this signal, called “optovoltaic,” was measurements of LIC-signal under conditions when the

Signal (arb. units)
*
*
*
k3
%
-

x v

Signal (arb. units)
*
<

Detuning (GHz)
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FIG. 5._ Mee_lsured I__IC as a function of absorbed radlatlontion of gas pressure. Fitted curvgp) is shown by a solid lineta)
power;(a) in helium, (b) in hydrogen. in helium, (b) in hydrogen.

masked OG effect exists. The magnitude of the last one was The dependencies of=i ,c/P(0) on gas pressure are
different at different gas pressure, but was never significantlghown in Fig. 6a) (helium) and Fig. €b) (hydrogen. As can
larger than the magnitude of LIC-signal. be seen from these pictures, in both cases the LIC-signal
Also it was noticed in experiments that any deviation ofnormalized on the absorbed power increases in the beginning
beam propagation from the center of the cell led to increasWith the pressure increase, acquires its maximum, and then
ing of OG-signal magnitude, which was undesirable. Theredecreases. Such a kind of normalized LIC-signal behavior
fore we tried to direct the laser beam exactly along the celI’d!aS an adequate explanation if one assumes that ionization is
axis. due to an associative mechanism. Indeed, because the fre-

. . ) quency of associative ionization and transport collision fre-
An increase of laser beam diameter by did not lead to

i _ ) guencies are proportional to gas pressure, (B8) can be
a noticeable change in magnitude of detected current undgyyitten as

the same value of absorbed laser radiation power.

The theory developed in the preceding section predicted e 2 ey 1 pr™
the proportionality of LIC magnitude to the absorbed radia- 7(p) 2 G omm P Pl At Y0+ pro”
tion power[see Eq.(37)]. We have performed some mea- (55)
surements to test this statement. The results of these experi-
ments are presented in Figs(ab and Fb). Here the \herey™ ", 1™ are the frequencies of corresponding pro-
magnitude of LIC(half difference in maximal and minimal cesses ap:l torr, andp is the gas pressure measured in
values of LIC function on detuningis shown versus the torr units. In Eq.(55), »C is the rate of charged particles
absorbed light poweP(0) at the line center. In both cases recombination, and/?, is the part ofy,,, that does not de-
the experimental data lie on a straight line. So theory anghend on gas pressure and is caused by the possible sponta-
experiment agree in this point as well. The maximal obtainetheous decay of the atom in the stareto other, different
values of i, c were the following:i[j@=4x10"8 A at from n, states, photoionization or electron impact ionization.
p=0.265 torr and at absorbed light power per length unitAs will be shown below, the last two processes may be ne-
P(0)=1 mWi/cm for hydrogen, and[[®=10"° A at glected under our experimental conditions. Therefore
p=0.96 torr and at absorbed light power per length unityaip=0 for helium andy3=Ag,=5.58x 10" s~ for hydro-
P(0)=4.6 mW/cm for helium. gen. Furthermore, in our experiment recombination takes
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place on the wall of the cell and, in generaf¢also depends discharge the typical electron temperatureTis=6—8 eV

on gas pressure with its maximal valu&{0) atp=0 and  [20]. From Eq.(58) and atR=0.2 cm,r,=0.075 cm one can

decreasing with pressure increase. However, in(B§. we  obtain

neglect this dependence, assumin®=v"*(0) for any e .

pressure, because the errorui®, arising with pressure in- Ve, + = 1.8X 100 s (59)

crease, does not exert any strong influence on the error of the o

parameter 14"+ p?}') on the background of increasing Only one parameter™ in Eq. (55) remains unknown. This

por. parameter is chosen to fit the theoretical curve with the ex-
As can be seen from E¢65), with increasing pressure the Perimental data. The fitted curve is shown in Figg)6as a

value of »(p) also initially increases, acquires its maximum, solid line.  Note that this parameter, which is

and then decreases tending o low at large values of ;;Zl(le)ZZ-:SX 10" s~ in our fitting, does not strongly in-

pressure. Thus, the behaviors »fp) and the experimental fluence the behavior ofy(p) at low pressure. This value of

data agree qualitatively. collision rate corresponds to the transport cross-section
The rates of other mechanisms of helium and hydrogen
ionization from the state=3 (by electron impact or photo- o;ﬂ(le):7.5>< 10 %5 cn?. (60)

ionization do not explicitly depend on pressure liKE5)
and, therefore, cannot explain the increasing pary@f).  The process of the resonance exchange of excitation between
Moreover, these rates do not provide, as we will see belowHe(3'D) and He in the ground state slightly contributes to
the experimentally observed magnitude of LIC. this collision rate because dipole transition between these

We tried to calculate the function(p) for helium plasma states is forbidden. The inelastic collisions with excitation
using known data on processes which have an influence amansfer from the state'® to other sublevels of the state
LIC. n=3 in He have cross-sections that are too small0”*°

It is a well-known fact that in discharge plasma in helium cm? [21] to explain the determined valy60). We suppose
the main mechanism of the ionization of helium atom fromthat the experimentally determined collision rate corresponds
the state 3D is the associative ionization caused by collisionmost likely to the elastic collision process. Indeed, consider-
with helium atoms in the ground stafeeaction(19)]. The  ing He(3'D) as hydrogenlike atom, one can estimate the
cross-section of this process was measured in the Widfk  radius of electron orbit as
oM@ =2 10715 cm2. The ionization rate corresponding
to this cross-section at=300 K, is L

r—aol—, (61

A = 11 3¢ 10f st -1
v . s~ torr -, (56)
whereay=0.53x 10" 16 cm? is the Bohr radius,g=13.6 eV

Note, for comparison, that the rate of ionization by electron'S Rydberg energy, and is the ionization energy for the
impact atn,=10" cm 3, v,=1C° cm/s and at a rather excited electron. For Hed®), 1=1.5 eV and one can find
heightened value of the cross-section of this proces§=92o- If we assume that the atom size coincides with the
=103 crmis v=10" s L. This value is three orders less ele(_:tr_on orbit radlus,_then the value of cross-section of elastic
than the one for associative ionizati(Bb) at gas pressure 1 collision may be estimated as

torr. The rate of photoionization at applied laser radiation

— 2 - 15
intensity is»=10° s ! and is even less than the electron o=m(ag+9a)*~9x10 ** cnt, (62)
Impact -|on|zat|on rate. ] which is close to the measured val(&9).

We find the transport frequenaz%+ by using the known In our opinion, there is a fair quantitative agreement be-
mobility of He,": Mpe,+ = 1.15X 10%p cm?V~1s 1 [18]  tween the theoretical and experimental results of LIC in he-
and Eq.(7): lium. _ _ _

The behavior of experimental data fg(p) in hydrogen

T —8x10° s ltorrl (57) discharge shows that the ionization from the state3 is
He, " caused most likely by an associative mechanism. In any case

the reaction(20) is energetically admissiblgonization of

The equation for recombination rate is valid: H(3) due to collision with the hydrogen atom in the ground

statd. However, the experimental value of the cross-section
vt [T, 1 of this process is unknown; there is only information about
= B’ VEI'eLC:O-77? \/; B=—"TRre the tentative estimations of this valud'®<10"%6 cm? at
! 1+In| — T=300 K [23]. Following this estimation and accepting
b o"®=10"1cm?, one get for the associative ionization rate

(58)

PH®=113x10° s! torr 1, (63)
whereR is the radius of the cell, is the laser beam radius,
v is the recombination rate in the “free fall” approxima- from which it follows that, in any case, this process domi-
tion of the Tonks and Langmuir theof$9], 8 is a correction  nates over the rates of ionization of 3}l by electron impact
factor for accounting the ions of interest not generating in theor photoionization for which the previous estimations for

whole cell volume but inside the laser beam only. For heliumhelium are valid.
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Considering»® and 7 as fitting parameters, we ap- the value(66). Nevertheless, we suppose that the combined
proximate the experimental data on LIC in hydrogen by theaction of these processes may explain this experimentally
theoretical curvey(p) (55). One can get other parameters of determined cross-section. For instance, assuming these pro-
Eqg. (55 using well-known data. At the typical temperature cesses to be independent from one another, one should sum

in hydrogen discharg&.=2-3 eV [24] Eq. (58) yields the values(62) and (68). In this way one can obtain the
estimation for collision cross-section:
ve=2.2x10° st (64)
2 ofig~1.6x10"* cn?. (69

. . 4 . :
The mobility of ion H,™ in atomic hydrogen gas is Un- This value is a little less tha(66).
known for us. Therefore, we calculate the transport collision \y/a should note here that to focus our experiment on de-
PR . : .
f_requency of H using the pollarlzauon potential of mlter_ac- termining the value of ionization coefficient with greater ac-
tion between ion and neutral atofhydrogen atom polariz- ¢ racy it is better to use the cell with larger inner radius. In

age . 3
ability is 9/2ap), this case the recombination rate will decrease and the suffi-
—r 7 1.1 ciently wide interval of pressure will be available where
vy, +=3% 100 s = torr . (65 pr<A,,+v2 and pr™ ™ In this interval the depen-

The fitted curve is shown in Fig.(B) as a solid line. The dence of(p) on pressure will be dropped,

best agreement with experimental data is achieved at e 12 g 1 M
“H(3)_ —1 —col _ —1 = _
v 7.5x10° st and g =1.15<10° st 7(p) N AE T —— (70)
The value of the ionization rate corresponds to the cross- i
i H(3) —16 R .
sectiono™®)=8.6x10"1® cn?, which is one order of mag- gq, (70) allows one to finds™ with better accuracy.
nitude larger than the one reported [i23]. Although our
calculations do not aspire to high accuracy and have a semi- V. CONCLUSION
guantitative nature, we suppose our estimation of the order _

rect. This fact indicates the noticeable divergence betweefnd the experimental results of rf discharge in helium and
our results and data frofi23]. There are two possible ways Nhydrogen. It was shown that laser radiation is capable of
to interpret the determined value of cross-section. If the maiftducing fluxes of excited particles due to the velocity selec-
process of ionization is the reactid®0), then the cross- tive interaction with atoms. These fluxes transform to ion
section value found in our experiment is one order largeflux through ionization and, therefore, the current arises in
than tentative theoretical estimateS]. The second variant Plasma. The theoretical estimations of LIC magnitude in rf
is the existence of some other channel of ionization, unlikelischarge in helium and hydrogen, its dependence on fre-
(20), which may be important in our experiment and which duency detuning, radiation intensity, and gas pressure agree
has not been recognized. with experimental data. o _

The value of the transport collision rate_zﬁﬁg) We suppose that LIC may play a significant role in astro-

=1.15¢ 10 * corresponds to the collision cross-section: PhYSICS. For instance, such a current may be induced in stel-
lar atmospheres, in solar atmosphere, in particular, and may

UCH?Is):1-7X 1014 cn, (66)  act as a source of magnetic fields. Indeed, there are suffi-
ciently high concentrations of both neutral and ionic compo-
and this value cannot be explained by estimati6®) [for ~ nents of chemical elements addition to hydrogenin the
H(n=3), I=1.5 eV and therefore the estimatiof&l) and  outer shell of stellar atmospheres. These elements provide
(62) for elastic transport cross-section are also valid in thighe Fraunhofer's absorption lines in the spectrum of outgoing
casé. stellar radiation. Some absorption lines of different chemical
However, there is a dipole transition between statBs 3 elements may overlap producing spectral inhomegeneity of
and 1S in hydrogen and, therefore, the efficiency of reso-radiation for each othd6]. Thus, they are all required con-
nance excitation exchange between Rj3and H(1S) may ditions for revealing of LIC in stellar atmospheres.
be sufficiently large. The cross-section value of this process Furthermore, as we have shown in this work, the LIC

was calculated if25], experiments allow us to selectively measure the cross-section
of associative ionization from excited states of different at-
o3p_15=2.0<10" 1 cn?. (67)  oms. These processes play an important role in the chemical

. ) o reactions of circumstellar regioig3], where there is suffi-
To obtain the cross-section for resonance excitation eXgiently intense radiation to excite atoms. As a result of asso-
change between=1 andn=3 states of hydrogen one has cijative ionization the molecular ions might be produced with

to multiply Eq.(67) by the factorgsp/gs=1/3, wheregsp is  subsequent neutralization due to charge recombination.
the statistical weight of B state andj; is the weight of the

staten=3 (here we assume that all sublevels of the state ACKNOWLEDGMENTS
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