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A theory is developed of the broadening of nonlinear resonances in an ion-laser plasma via
Coulomb diffusion of ions in velocity space in the field of a strong light wave. It is shown that
the Coulomb and field broadenings add up linearly. The dependences of the width of the Lamb
dip in an argon laser on the density of the charged particles were measured for the first time for
lasing lines at wavelengths 4880 and 5017 A. It is established that the dip broadening is of

Coulomb origin.

§1. INTRODUCTION

Broadening of nonlinear spectral resonances in a gas
has been the subject of many studies (see, e.g., Refs. 1 and 2
and the bibliography therein). In practically all the studies,
however, the pair-collision approximation was used. This
approach is valid if the effective radius of the atom interac-
tion is less than the average distance between the atoms. This
condition is met, in particular, by active media of neutral-
atom lasers. The plasma of coherently emitting ionized-gas
lasers contains interacting charged particles whose scatter-
ing by one another is essentially of the many-particle type
because of the slow decrease of the Coulomb forces with
distance. The influence of Coulomb scattering on the forms
of spectral resonances is therefore of particular interest for
both nonlinear spectroscopy and ion-laser physics.

Spectral-line broadening via Coulomb interaction was

first investigated theoretically in Ref. 3, where it was shown *

that the broadening is caused by the action of the electric-
field fluctuations in the plasma on the translational motion
of the ion. The calculation was carried out by perturbation
theory in terms of the strength of the optical field. An ap-
proximate estimate of the role of the effect under argon-laser
plasma conditions is given in Ref. 4, but only an order-of-
magnitude comparison with experiment was obtained, since
the separation of the Coulomb broadening from the field
broadening was not considered. Note that the relatively
large boradening of the Lamb dip in ion lasers has not yet
been exhaustively explained to date on the basis of the
known broadening mechanisms (see the reviews by Davis
and King® and by Dunn and Ross®). This is due for the most
part to the absence of detailed experimental investigations,
particularly simultaneous measurements of the homogen-
eous width and of the charged-particle density.

Our aim was to determine experimentally the Lamb-dip
broadening in an argon laser as a function of the charged
particle density, to generalize the Coulomb-broadening the-
ory to include the case of strong light fields, and to compare
quantitatively the experimental data with the therory. In §2
is given the theory of nonlinear-resonance broadening in a
strong light field. The measurement procedure and results
are the subject of §3. The dependences of the total width of
the Lamb dip on the plasma parameters were measured for
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two Arll laser lines with wavelengths 4880
A(4s°P;,, — 4p*Ds,,°) and 5017 A (3d 2D,,, — 4p'*F,°).

The 5017 A line is preferred for the study of broadening
because of its relatively small natural width (295 MHz), as
against a radiative width ~460 MHz for other ArlI lasing
lines.>” The theory and experiment are compared in §4,
where alternate broadening mechanisms and other possible
sources of systematic errors are analyzed. From the quanti-
tative agreement between the theory and the measurement
results, conclusions are drawn in §5 concerning the nature of
the observed broadening.

§2. COULOMB BROADENING IN A STRONG LIGHT FIELD

It is known that broadening of nonlinear resonances
can be described on the basis of the quantum kinetic equa-
tion for the Wigner density matrix p,; (r,v,¢) (see Ref. 1):

3
(W+"V'J’Y")P':‘=Su+q:5u+i[V,p]u, lj=m,n. (2.1)

Coulomb interaction of resonant ions with other charged
particles, and also relaxation processes that can be taken into
account in the impact approximation, are described by the
collision term S;;. We denote by y;; the radiative-decay con-
stants and by g; the rates of excitation of the states j. Reso-
nant interaction of the ions with the field represented by a
standing wave is accounted for by the operator ¥ with matrix
elements

Vima=Ge~®* cos kr, (2.2)

G=Ed.../[2h, Q=0—0mn,

where E is the amplitude, o the field frequency, d,,, the
electric dipole momnent, and w,,,,, the Bohr frequency of the
m-n transition.

That part of the collision integral which describes the
Coulomb diffusion in velocity space is described in terms of
the particle-flux vector?

Sy = _6_ dv Uas (v, V') (
0v,® m
a,B=xyz; f' =f'(v') is the distribution function of the
perturbing particles, m’ their mass, and m the mass of the
resonant ion. The kernel of the Landau collision integral®
takes the form

f oy Opy

vy m’ m dv,

), (2.3)
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Uas (v, V') =20Le'Z* 2" (u*Bus—uatts) fu?, (2.4)

where L is the Coulomb logarithm, u = v — v’ is the relative
velocity of the particles, and Z and Z' are their charges in
units of the electron charge e. Summation over repeated in-
dices, and if necessary also over the species of the perturbing
particles, is implied in (2.3). Other types of broadening are
taken into account in the relaxation-constant model. The
Landau kernel is obtained from the Boltzmann collision in-
tegral in which only small-angle scattering events are re-
tained and the integral over the impact parameters is cut off
at the Debye screening radius. Ion interaction via collective
plasma oscillations is described by a Landau-integral addi-
tion that is significant only in a strongly nonisothermal plas-
ma.’

If the level-excitation functions and the perturbing-ion
velocity distribution functions are Maxwellian, viz.,
g=Q;W(v), W= (Ynwr)"exp (—v’/vzi),

(2.5)

f=nW(v'),

an explicit expression can be obtained for the dynamic-fric-
tion force and for the diffusion tensor in velocity space. If
furthermore the effective frequency u of the Coulomb ion-
ion colisions is low enough, u/T'; <T,,, /kvy; €1, where T;
is the relaxation constant of the jth level and T, and kv
are respectively the homogeneous and Doppler line widths,
dynamic friction can be neglected compared with diffu-
sion.'® At v < vy, the calculations can be simplified by using
also the smallness of the off-diagonal components of the dif-
fusion tensor and assuming the diagonal ones to be indepen-
dent of velocity. The collision integral (2.3) reduces then to
a simple differential operator

, vz 16n"n,L (e’ZZ")*
8y’ =DAwy, D= M—Té—, M=—-§’;E;'3——,
Ti
(2.6)

that describes Brownian motion. The influence of such colli-
sions in a strong optical field on the Doppler contour of the
spectral line was investigated in Ref. 11. We are interested in
the profile of the narrow nonlinear resonance.

The lower level in the active medium of an ionized-gas
laser usually decays rapidly I',, <T,,.,,,I",. We use this con-
dition to calculate the Bennett-hole contour in the upper-
level population distribution in the component v} of the ve-
locity v along the wave vector k. In the spectroscopic limit
T, €kvy; we can neglect also the transverse part of the
Laplace operator. For the stationary population §,, in a
traveling-wave field we obtain a one-dimensional Schro-
dinger equation with a source and potential in Lorentzian
form:

a*pm
dv?

2
+(I‘ N 2|G|*Tma

_D m —_—-—-) m= me
Ton? T (Q—Kvy)*/ P77

(2.7)
The coefficients of (2.7) have two regular points
vy = (2 £ T, )/k and one essential singularity v; = .
Transforming to nondimensional variables and replacing
the unknown function
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_ D v 2|G|?
" Tl " Tl
Q—-kv .
= T ’ Pm=u($) (1+xz) /'7

(2.8)

we can reduce (2.7) to the equation for oblate spheroidal
functions (see Refs. 12 and 13). Investigation of these func-
tions is considerably more difficult than that of ordinary spe-
cial functions, since there are not enough simple integral
representations of spheroidal functions. We shall therefore
find below an approximate solution of (2.7) in terms of ele-
mentary functions.

To this end we formulate the problem for the auxiliary
function ¢(x) = 1 — p,, (x)/a as a variational principle

sr=[o(28) o 20) v 22

1];] dz=min,
2.9)

wherea =p,, (o) =gq,, /T, . The unknown function ¢ was
chosen because it decreases as x — o0. One can regard a as
independent of x if the solution shows that the characteristic
width of the function ¢ is significantly less than the large
parameter kv, /T ,,,. We seek the solution in the form of a
Lorentzian

v=ay/(y"+a%),

and obtain the parameters a and ¥ by minimizing the func-
tion S(a,y). As a result, the amplitude a is expressed in
terms of the width y:

2%/ (y+1)

(2.10)

= 2.11
T el Q) /(1 + D 1D
for which we obtain in turn the quartic equation
Y*— (1+€/2+x) y*—2ey—3e/2=0. (2.12)

In the limiting case £ €1, when there is no Coulomb broad-
ening, the largest root of Eq. (2.12) isy — (1 4+ x) 1/2 The
known expression for the Bennett hole field broadening is
obtained. In the other limiting case of pure Coulomb broad-
ening (x < 1) a factor ¥ + 1 is separated in (2.12) and the
equation becomes cubic. Its solutions for the cases of strong
and weak Coulomb broadening are

e <1

, (2.13)
e>1

1 { 2e,

T ey,
To change to the dimensional width we must multiply the
last expression by I',,,,,. Let us compare (3.13) with the for-
mula proposed in Ref. 10 for the weak-collision model. The
coefficients of £ and £!/2 differ by 50 and 20%, respectively.

Figure 1 shows typical contours of the broadened Ben-
nett hole f(x )/ obtained by numerically solving Eq. (12.7)
with the aid of the run-through algorithm. The error of the
approximating Lorentziaan (2.10) does not exceed
2-107%(0) and is approximately equal to the width of the
line in the figure. The dip broadens when the parameters x
and ¢ are increased.

The level lines of the function y(&,%) are shown in Fig.
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FIG. 1. Contours of field-broadened Bennet hole, x = 0.33, for various
parameters of the Coulomb broadening: 0—e¢ = 0; 1—0.33; 2—1; 3—3;
4—9,

2. It follows from (2.12) that they are straight-line seg-
ments. It can be seen from the figure that the Coulomb (&)
and field (x) broadenings make nonlinear contributions to
the total width. Since the total width is more sensitive to the
value of € as -0, and the reduction of the experimental
data becomes simpler, it is expedient to carry out the mea-
surements at small saturation parameters . The result in
this case is a simple equation for the Coulomb parameter ¢ as
a function of the total width y:

e=2y*(y—1)/(y+3). (2.14)

The amplitude of the dip (2.11), which is proportional to the
saturation parameter x, depends quite weakly on ¢ in this
case. The ratio a/x tends to unity bothase—-0and as£— .
The maximum value of this ratio is 9/8 and is reached at
e=6(y=3).

The condition for the validity of the foregoing equations
is smallness of the homogeneous, Coulomb, and field broa-
denings compared with the inhomogeneous width of the ion
spectral line. Note that at x €1 the contour of the Lamb dip
in the frequency dependence of the lasing power has the
same shape as the Bennett hole in the population distribu-
tion in the longitudinal component of the velocity. The re-
sults of the Lamb-dip-profile measurements can therefore be
reduced by using Eq. (2.14) after first substituting £ —£/4.

FIG. 2. Level lines of dimensionless width y of nonlinear resonance vs the
parameters € and x. The numbers on the lines are the values of 7.
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FIG. 3. Diagram of experimental setup: l—Littrow prism, 2—spherical
mirror (R = 10 m), 3—discharge tube, 4—diaphragm, 5S—quartz plate,
6—absorbing film, 7—Fabry-Perot interferometer, 8, 9—photoreceivers.

§3. MEASUREMENT OF THE LAMB-DIP WIDTH IN AN
ARGON LASER

The dependence of the lasing power P on the frequency
Q was recorded by the scheme of Fig. 3 in analogy with Refs.
4 and 14. The basis was the laser design described in Ref. 15.
The cavity, made up of a Littrow prism 1 and a spherical
mirror 2, contained a high-current discharge tube 3 of inside
diameter 7 mm and active length 70 cm. Owing to the low
gain on the 5017 A line, mirrors with transparency coeffi-
cient not larger than 0.5% were used. Diaphragm 4 of 1.7
mm diameter separated the fundamental transverse mode.
Additional losses could be introduced by rotating quartz
plate 5.

Frequency selection was with the aid of a thin gold ab-
sorbing film'® with a transmission coefficient 0.69 or 0.75 in
the traveling wave. The film was placed near the spherical
mirror. The film position in the cavity was scanned by a KP-
1 piezoceramic on which an ac voltage of frequency 0.5-10
Hz was applied. The laser emission spectrum was monitored
with a Fabry-Perot interferometer of 10 cm base. The depen-
dence of the lasing power P on the voltage was recorded on
the linear section of the characteristic of the piezoceramic.
To monitor the possible distortions, several orders of P({))
in different pass directions were recorded. The resultant
contours were identical. The hysteresis of the characteristic
shifted the entire pattern without distortion.

A typical P(Q) plot has a noticeable asymmetry. The
Lamb-dip asymmetry in gas lasers is usually due to the radial
inhomogeneity of the field in the active medium (see Ref. 17
and the literature cited therein). The cavity configuration
employed permitted a substantial lowering of this asymme-
try.'® A quasisymmetric contour was observed at saturation-
parameter values % ~0.2.

Under the experimental conditions, the lasing line
width in the single-frequency regime was usually about 150
MHz, considerably higher than the intermode interval (75
MHz). The frequency fluctuations were due mainly to the
noise in the discharge-tube cooling system and to the failure
to use special measures to damp the cavity vibrations.

We determined in addition the temperature and drift
velocity of the ions by the traditional method of measuring
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the Doppler width and the shift of the ion lines (see Ref. 14).
The spontaneous-emission line shape was recorded with a
Fabry-Perot interferometer having a base 1 cm. The mea-
surements were made for the 4800 and 5145 A lines, which
were separated with an MDR-2 monochromator. In the re-
duction of the Voigt contour (using the tables), account was
taken of the line narrowing due to the gain, as well as of the
instrumental width of the interferometer. Under the experi-
mental conditions, the Doppler width
Avp, = kvy; (In 2) /%7 was 6-9 GHz. The electron density in
the same discharge tube was measured the nonlinear disper-
sion interferometry method proposed in Ref. 19. Depending
on the discharge current and on the pressure, the density
ranged in various measurement runs from 0.6- 10’ to 2- 10"
cm ™3 (Ref. 20).

In the limit of low field strengths (% < 1) the saturated
gain of the medium is given by the simple equation (Ref. 21,
see also Refs. 1 and 22)

QFil % re
£ ew kUTi ! 2 * F2+Qz ) 1
(3.1)

w(z)= e"’( 1 +2—15 e” dt)
Vo,
is the probability integral of complex argument. Equation
(3.1) determines the implicity » () dependence, given the
loss level g. The % () dependence can also be expressed
explicitly by using the asymptotic form of the function w:

1—exp[ (Q*—Q2)/ (kvri)?]

, (3.2)
1+TY (I +Q?)

®(Q)=2

where ), is the lasing shutoff frequency.

The function P() with account taken of the frequency
fluctuations under real conditions can be also represented by
the convolution of » () and the laser spectrum in the single-
frequency regime. The measurements have shown that the
lasing spectrum can be satisfactorily approximated by a Lor-

entzian of width ', . Therefore
2

S

—a

I

Tar@ay

(3.3)

where A is a scale factor. The P(f2) dependence contains
altogether four parameters: 4, I', T',,, and Q,. The width ",
of the instrumental function and the lasing-shutoff frequen-
cy ), were measured directly in the experiment, while the
parameters 4 and I" were used for adjustment. The theoreti-
cal curve was drawn through the experimental points with
the aid of a computer, using a program based on the maxi-
mum-likelihood method. The result of the reduction of a
typical Lamb-dip contour is shown in Fig. 4. The values of
the dip width were obtained at different discharge param-
eters for the lines 4880 and 5017 A. The statistical error of
the estimate of I" did not exceed 10%.

Figure 5 shows the measured values of the Lamb-dip
broadening

(3.4)
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FIG. 4. Experimental values of the lasing power P vs the detuning fre-
quency , and theoretical curve with the following parameters 2,/
kv, = 0.405; T, /kvy; = 0.022; T'/kvy; = 0.082; 4 = 6.55.

for two lines, as functions of the electron density »n . All the
experiments were performed with weak saturation
(0.1<%<0.25). Each point was obtained by averaging over
three or four measurements at different ». The n, measure-
ment range was limited by the lasing range. The data for
n, <1.2-10' were obtained by varying the discharge current
in the range 100-180 A at 0.18 Torr pressure, and those for
n, > 1.2-10" cm ™3 were obtained by increasing the pressure
and keeping the current constant 180 A. This was the maxi-
mum current used, to prevent a noticeable influence of mul-
tiply charged ions and to be able to set n; =n, .

The same figure shows for comparison a Av¢ (n, ) plot
calculated from Eq. (2.14) without fit parameters. The val-
ue of £ was calculated from Egs. (2.6) and (2.8), rewritten
in the form

(3.5)

2230/ T mn?TmAvVp.

/ ©
l’”” B /./.OOO ’o//’
-
L/ e o
y//{o
200 —4
I
l ] L 1 i J
0 7 2

ne-10~1 cm=—3

FIG. 5. Lamb-dip broadening Av. vs the charged-particle density n,:
@®—A = 5017 A, O—4880 A, solid line —calculated from Eq. (3.5) for
the experimental conditions. Dashed—reduction of the experimental data
by least squares.
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FIG. 6. lon density n;, determined from the broadening data, vs the elec-
tron density n, . The straight line is drawn by the least-squares method.

Here Av), is the Doppler width of the line in GHz, the den-
sity n, is in units of 10" cm 3, and the widths T",,, and T,
are in units of 10° s~ . The homogeneous width I',,,, and the
width I',, of the upper level were substituted in (3.5), with
allowance for electronic quenching.¢

The characteristic values of the Coulomb parameters
under the experimental conditions were £ ~ 10, so that the
asymptotic relation ¥ — 1« n!/? could be used for (2.13).
The dashed lines are plots of the functions Ave = Bn?, with
the parameters B and § obtained from the experimental
points by least squares. The values § =0.3 4 0.2 and
8 = 0.5 4 0.2 obtained respectively for the 4880 and 5017 A
lines do not contradict the hypothetical square-root depen-
dence of the broadening on the electron density.

Figure 6 shows the density of the ions extracted from
the broadening Av. by Eq. (3.5) as a function of n, . It was
assumed that the lifetimes of the upper levels, with
allowance for quenching, are equal for both lines. The
straight line n; = Kn, drawn by least square for the 5017 A
line has a slope K = 1.0 + 0.1.

§4. DISCUSSION

Let us discuss in greater detail the possible systematic
errors in the measurement of the width I'. The ion drift, with
velocity v, , was taken into account in the distribution func-
tion (2.6) with the aid of the substitution v—v — v,,. As
shown in Ref. 14, this substitution suffices to reach an accu-
racy of several percent. If the gain is averaged over the wave
propagation directions the value of Pis decreased somewhat
by the drift.*> The relative change is AP /P~ (kv,/Q,)>.
The measured drift velocities did not exceed 0.04 U, and the
steady-state lasing-termination frequency was less than
0.3k vy, sothat AP /P <0.02. This last estimate is confirmed
by numerical calculation. A computer check of the approxi-
mation of the probability integral (3.1) by a Gaussian func-
tion has shown that the approximation error of (3.2) at the
experimental parameters I" and x does not exceed 3%.

We estimate now the Lamb-dip broadening by mecha-
nisms other than the Coulomb ion-ion scattering. To this
end we compare the Coulomb broadening of the frequencies
of elastic scattering of the ion excited states by atoms and
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electrons under the experimental conditions. The atomic
collisional deactivation of the laser levels ArII is apparently
negligible, in view of the small cross sections oz ~5-10~1°
cm? for resonant charge exchange?* and of the cross sections
0,, ~ocg for collisional mixing over the sublevels of the 4p
configurationat 7, ~1 eV (Ref. 25). The neutral-atom den-
sity in the high-current discharge of an ion laser usually does
not exceed 10" cm 2, so that the broadening is 2 MHz.

The most important among the processes in which elec-
trons participate are level quenching and Stark broadening.
The Stark broadenings Avs =s(7T,)n, of the argon ion
lines, measured by various methods, are not in satisfactory
agreement with one another or with Griem’s calculations,?
and the values of s differ by a factor 2-3. As an estimate, we
choose the largest Stark coefficient of Ref. 26, viz.,
s=6-10""*MHz-cm? (7, = 2.7eV). At the experimental-
ly attainable electron densities the Stark broadening is then
not larger than 120 MHz. The electron-deactivation con-
stant was measured in Ref. 30 by an independent method
under conditions equivalent to our experiment and amounts
to (opv) ~4-10~7 cm?-s~ " for the 4880 A upper level line,
in agreement with the known published data.> There are no
experimental data on electron quenching for the lower level.
We confine ourselves therefore to the approximate Born
cross section from Ref. 31. The total contribution of the elec-
tron quenching at the maximum electron densities does not
exceed 30 MHz. A definite contribution can be made to the
measured quenching constant by inelastic ion-ion scatter-
ing. Evidence in favor of such a process is apparently offered
by the Boltzmann population distribution in the sublevels
within one electron configuration (see, e.g., Refs. 6 and 25)
with a temperature on the order of that of the ions.

Besides colisions in a laser with a high discharge cur-
rent, a definite role can be played in principle by the Zeeman
splitting of the levels in the proper magnetic field of the dis-
charge current. The splitting of the o+ and 0~ components
is 3.5 MHz- Oe ™~ for the 4880 A line,’ and the magnetic field
of a 200 A current reaches 100 Oe near the walls. Recogniz-
ing that the transverse dimension b of the light beam is much
smaller under our conditions than the tube radius, b /R ~},
and assuming in the estimate that the current is uniformly
distributed over the discharge cross section, we obtain a
splitting Av, <50 MHz.

The assumptions made in the derivation of the equa-
tions have thus little effect on the accuracy with which I is
measured. The main contribution to the possible systematic
error is made apparently by the error in the determination of
the instrumental width I', and of the shutoff frequency 2,
(up to 25%). Inelastic collisions of the ions with atoms and
electrons, and the current’s magnetic self-field cannot ac-
count for the observed value of the Lamb-dip broadening.

The experimental Av. (n, ) plots obtained for the two
lines (Fig. 5) tend to saturate at n, 2 10'* cm 3. The quanti-
tative discrepancy does not exceed the estimated systematic
error and may be due to the fact that the values of T, /T,,,,
differ substantially for these two lines. The curve calculated
from (3.5) using the measured n, and Av,, also saturates in
this parameter region. The accuracy with which the absolute
value is determined is governed by the errors in the measure-
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ments of Av, (10%), n, (10%), and the quenching
(opV)(25%). It can be stated on the basis of the foregoing
analysis that the Coulomb mechanism accounts well for
both the magnitude of the observed broadening and the
character of the dependence on the charged-particle density.

§5. CONCLUSION

We have shown in this paper that the Lamb dip in the
frequency dependence of an argon-laser generation power is
broadened by a factor of two relative to the radiative width
for the 4880 A line and by almost three times for the 5017 A
line. The absolute value of the broadening reached 400-600
MHz. A relatively accurate measurement of the broadening
was made possible by the low values of the absorption pa-
rameter »x, whereas in the earlier studies*!#? the collision
broadening was masked by the field broadening. The agree-
ment, within the limits of error, of the theory with the broad-
ening and with the character of the dependence on the elec-
tron density, as well as the low values of the alternate
broadening factors, attest to a Coulomb origin of the broad-
ening.

Measurement of the Coulomb broadening can serve in
principle as a basis for the diagnostics of the plasma of ion
lasers. From the Lamb-dip broadening one can determine
the ion density (see Fig. 6) which is quite difficult to mea-
sure by a direct method under ion-laser conditions.

The authors thank S. G. Rautian and G. I. Smirnov for
a helpful discussion of the results, T. T. Timofeev for help
with the experiment, and also A. V. Rodishevskil for colla-
boration with the computer reduction.
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