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I. INTRODUCTION

J.HE first gas-discharge laser was developed by A.
Javan, W. Bennett, and D. Herriott in 1961 [ 1 ]. This was
the first continuous laser using a mixture of helium
and neon. The publication of'11 was followed by a flood
of research, the results of which was the discovery of
a large number of gas systems and transitions that
made possible generation in a wide range of the spec-
trum, from the ultraviolet to the far infrared. A sum-
mary of this research is given in a number of re-
views'2"5 1.

The present status of gas laser development is
characterized by a sharp decrease in the volume of
basic research and by a concentration of efforts on the
study of the operating mechanism, improvements, and
applications of some of the most outstanding and
promising representatives of the larrge family of gas-
discharge lasers. These are: l ) t h e helium-neon
laser, operating on atomic transitions at 0.63, 1.15,
and 3.39 μ; 2) lasers using noble-gas ions and generat-
ing on a large number of lines in yellow and blue-
green regions of the spectrum; 3) molecular CO2

laser, generating on rotational-vibrational transitions
in the 9.4—10.6 μ region.

The most widely used in physics laboratories, and
at the same time the most thoroughly investigated and
technologically developed, is the He-Ne laser'6>7 ].
However, the radiation output power and the efficiency
of this type of laser are low.

The largest output power (~10 kW) of continuous
laser emission and the highest efficiency (~0.1) is
possessed by the CO2 laser, but its radiation lies in
the infrared region of the spectrum. Results of inves-
tigations devoted to this type of laser, formed through
May 1966, are summarized in'8"11-1.

In the visible region of the spectrum, the largest
continuous radiation power (~100 W) and the highest
efficiency (~10~3) were obtained with an argon-ion
laser (Ar+ laser). These qualities, and particularly
the fact that its radiation lies in the blue-green region
of the spectrum, for which the most sensitive receiv-

ers are available, points to great prospects for the use
of Ar+ lasers for such important applications as holo-
graphy'121, color television'131, underwater television
and radar, production of color '" 1 and three-dimen-
sional motion pictures, recording and reading of in-
formation with magnetic film'151, variation of resist-
ances in microcircuits'16-1, space flights'171, physical
investigations in the field of nonlinear optics and light
scattering'1 8 1, research in biology'191, medicine, etc.

Naturally, a large number of papers have been de-
voted to this type of laser, some of which have been
considered in the already cited reviews'4 '5 1 and in the
articles of W. Bridges and A. Chester on ion lasers ' 2 0 3 .
The first review devoted especially to Ar+ lasers was
written in 1966 by R. Paananen'-17a-1, and the second in

1967 by P. Armand [ 1 ? b ] .
The present review summarizes the research and

development performed in the last three years on con-
tinuous Ar+ lasers, including papers reported in May
1968 at the International Conference on Quantum
Electronics in Miami. In the historical review (Ch. II)
we consider the main stages of the development of re-
search during the period from 1964 through 1965 in-
clusive, when the basic trends of development and re-
search of Ar+ lasers were established. In Ch. Ill we
describe the results of developments of different types
of continuous Ar+ lasers, their features, and the influ-
ence of different parameters on the output power of
laser emission.

The next four chapters are devoted to the physical
picture of the occurrence of inversion in Ar+ lasers.
In Ch. IV we discuss the hypotheses concerning the
mechanism of formation of inverted population in Ar+

lasers, first advanced by Bennett and co-workers'21-1

and by E. Gordon and co-workers'2 2 1, as well as their
modifications. Chapter V contains the results of in-
vestigations of the properties of the plasma of the Ar+

laser, while Ch. VI gives the theoretical values of the
probabilities of the radiative transitions and the rates
of electronic excitation of argon ions. In Ch. VII is
given the calculation of the rate of pumping and in-
verted population in Ar+ lasers and a comparison of
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calculation with experiment.
There is only a limited number of papers dealing

with the spectral composition of the generation of Ar+

lasers, with methods of mode selection, and with
methods of frequency stabilization. However, taking
into account the importance of these problems, we
have decided to include in the present review a chapter
devoted to the investigations of the frequency spectrum
of longitudinal modes (Ch. VIII) and to single-frequency
Ar* lasers (Ch. IX). We have also included Ch. X, de-
voted to problems connected with the efficiency of
utilization of the active medium and the generation
power in single-frequency and multifrequency regimes.

Π. HISTORICAL OUTLINE

The generation of coherent radiation on the lines of
the argon ion, which lie in the blue-green region of the
spectrum, was first realized in a pulsed regime in
1964, almost simultaneously by Bridges'-23·' and by G.
Convert et al. t 2 4^. This discovery was made accident-
ally, using argon as a buffer gas in a mercury dis-
charge1-251, which in turn was used to study generation
on the ion lines of mercury. Bridges^23-1 observed
generation on the ten lines of Ar Π indicated in Fig. 1,
while Convert et al. observed generation on eight lines.
As seen from the figure, generation occurs on transi-
tions between the levels of 4s and 4p configurations of
Ar II. R. McFarlane [ 2 6 ] obtained generation on three
Ar ΠΙ lines located in the ultraviolet region of the
spectrum. H. Heard and J. Peterson [ 2 7 ] investigated a
mixture of mercury and argon and observed generation
of Ar Π lines not only for short pulses (~ 5 Msec), but
also long ones (~100—200 Msec). It was established
that the output power on the λ 4765 A line follows the
current in time and the λ 4880 A line generates in the
afterglow. Bennett and co-workers'-21-' also investigated
pulse generation of the Ar Π lines for short (~20 nsec)
and long (~ 1 msec) pulses (see also [ 7 ]).

It was reported already in these firsjt papers that
the gain for the Λ4880, 5145, and 4765 A lines amounts
to ~200% per meter of discharge length, and the out-
put power in the pulse for each of the X4880, 5145,
4765 A lines is of the order of 10 W. At the present
time, the radiation power in the pulse reaches several
times ten kW.

Continuous generation on Ar II lines was first ob-
served by E. Gordon, E. Labuda, and W. Bridges [ 2 2 ],
who used gas-discharge tubes with diameters from 1.2
to 2.5 mm and currents up to 15 A at an argon pres-
sure on the order of several tenths of a Torr. A power
up to 80 mW was obtained, but the effect of transfer of
the gas^28-1, observed at large current densities, made
it impossible to obtain stationary generation. To esti-
mate this effect, Gordon and Labuda t2S] proposed to use
a bypass channel parallel to the gas-discharge tube.

In August 1964 there was published a communica-
tion [ 3 0 ] by the Raytheon Company reporting develop-
ment of a continuous Ar* laser with a power exceed-
ing 1 W, this being accomplished as a result of placing
rodlike magnets around the discharge tube. In Decem-
ber 1964, the same firm reported1·31^ attainment of a
generation power of ~7 W on the Ar Π lines and of an
efficiency ~0.053%, and the development of an Ar+

laser with an output power up to 15 W.

FIG. 1. Part of the level scheme of Ar i l : the principal lines of gen-
eration of continuous argon ion lasers.

The first sufficiently detailed investigation of the
dependence of the output power of an Ar+ laser on dif-
ferent parameters was that by Gordon and co-work-
ers [ 3 2 ] . It was established that the generation power
increases with increasing current and that further in-
crease of the power is limited by the destruction of the
capillary as a result of ion bombardment and heating
of the walls by the energy released in the gas dis-
charge. Damage in a capillary of diameter 2.5 mm at
a wall thickness ~1 mm, cooled with running water,
sets in at currents ~ 30 A. The use of ceramic capil-
laries for Ar* lasers has made it possible to work
with higher current densities than with quartz capil-
laries.

A considerable increase in the power of Ar+ lasers
was obtained by applying an external longitudinal mag-
netic field. Experiments have shown that a suitably
chosen longitudinal magnetic field not only increases
the generated power at a given current, but, most im-
portantly, makes it possible to increase the maximum
current density that can be carried by a given capil-
lary. According t o t 3 2 ] , for a tube of 2.5 mm diameter
at a discharge current ~30 A, the maximum per-unit
power increases from 1 W/cm3 without a magnetic
field to ~2.8 W/cm3 at the optimal magnetic field. It
was also noted in [ 3 2 ] that in lasers with longitudinal
magnetic fields the presence of windows inclined at
the Brewster angle decreases the power loss connected
with circular polarization of the components in the
case of Zeeman splitting in a longitudinal magnetic
field. When a magnetic field is used, it is advantageous
to employ high-transmission output windows placed
perpendicular to the discharge axis.

The insufficient thermal conductivity of quartz,
which limits the useful power needed to increase the
generation power, has suggested the replacement of
the quartz capillary with a set of metallic discs with
apertures bounding the discharge, separated by quartz
rings t 3 3 > 3 4 ] . In such a sectionalized tube the resistance
to ion bombardment and the thermal conductivity are
much higher. The increased heat dissipation makes it
possible to increase appreciably the useful power, and



CONTINUOUSLY OPERATING ARGON ION LASERS 701

consequently also the generation power. The first
experiments performed with such tubes at metallic-
disc aperture diameters of 1 and 2 mm have made it
possible to obtain, without a magnetic field, powers of
0.25 and 1 W respectively and a per-unit power of
~ 1 W/cm 3 [ 3 4 l

In October 1965, W. Bell published a paper t 3 5 ] in
which he proposed to feed an Ar+ laser with a high-
frequency pulsed discharge. The closed discharge tube
is in this case a secondary "winding" of a radio-fre-
quency transformer. In a tube 60 cm long and 5 mm
in diameter, at a 1% off-duty cycle of the pulses, an
average power of ~0.25 W was obtained on the Ar Π
line1· . Generation was also observed in the ultraviolet
region (3300-3600 A) on the lines of Ar II, Ar ΠΙ, and
Kr ΠΙ. A longitudinal magnetic field greatly increased
the power in this discharge (by a factor of 10). Bell's
work was the basis for further suggestions of realiza-
tion of Ar+ lasers of continuous action with radio-fre-
quency supply.

The first hypotheses concerning the mechanisms
that produce population inversion in Ar+ lasers were
advanced by Bennett and co-workers t 2 1 1 and by Gordon
and co-workers [ 2 2 1. According to Bennett's hypothesis,
pumping at the upper laser levels of Ar II, belonging to
the 4p configuration, is the result of the two-electron
process Ar + e — (Ar*)* +2e, i.e., as a result of
simultaneous detachment of an electron from the argon
atom and excitation of the argon ion. In Gordon's
opinion, the excitation of the upper Ar II laser levels
occurs in two stages:

Ar + e ^ A r + + 2e, Ar++ e —»· (Ar+)*+ e,

i.e., the excitation of the levels of the 4p configura-
tion occurs possibly from the ground state of the ions.

These two hypotheses were followed by a number of
others concerning the population of the levels of Ar Π
of the 4p configuration from metastable states of the
atom or ion Ar I I [ 4 \ and also concerning the population
of the upper laser levels from higher lying levels. The
question of which of these hypotheses corresponds to
reality can obviously be answered only by means of
detailed data on the properties of the plasma and on
the probabilities of the radiative and electronic pro-
cesses. Fundamental work was performed by H. Statz
et al . [ 3 7 ] , who calculated the radiative probabilities of
many transitions of Ar Π which have a bearing on
generation. They reached the conclusion that the main
cause of the destruction of the lower laser levels of
Ar II (the configuration 4s) should be radiative pro-
cesses. However, the question of the role played by
the electronic processes in the destruction and crea-
tion of laser-level population can again not be
answered without additional experimental and theoreti-
cal investigations. This briefly was the status of the
problem concerning argon ion lasers at the beginning
of 1966.

ΠΙ. CONSTRUCTION AND FEATURES OF CONTINU-
OUS Ar* LASERS. FUNDAMENTAL EXPERIMEN-
TAL RESULTS

As a result of investigations performed in 1964—
1965, three basic types of continuous Ar+ lasers, fed
with direct current, have been developed: 1) quartz,

2) ceramic, and 3) sectionalized. Bell's researches 1 3 5 1,
mentioned at the end of Ch. II, have led to the develop-
ment of a continuous Ar+ laser with a radio-frequency
supply. These types of Ar+ lasers will be studied, in
greater detail later on. We shall also consider the in-
fluence of the discharge parameters and of an external
axial magnetic field on the output power of Ar* lasers,
as well as the role of the transfer of the gas.

Generation on lines of inert-gas ions is observed at
high current densities, on the or,der of several hundred
A/cm2, in low-pressure discharges. High current
densities are needed to maintain a sufficiently high
degree of ionization of the gas and a high electron tem-
perature. The main requirements imposed on the con-
struction of the tube therefore reduce to the following.
The tube walls must withstand high thermal loads
(hundreds of W/cm2) and ion bombardment. The elec-
trodes must be designed for discharge currents up to
several hundred amperes and have high endurance to
electron and ion bombardment. To equalize the pres-
sure in the anode and cathode tubes during the dis-
charge process it is necessary to use an additional
bypass channel. A schematic diagram of the construc-
tion of a continuous-radiation Ar* laser is shown in
Fig. 2. The capillary is usually cooled with water. The
bypass channel is constructed either in the form of a
tube sealed into the anode and cathode tubes parallel
to the capillary and placed either inside or outside the
water-cooling jacket, or else in the form of an addi-
tional sheath located on top of the water-cooling jacket.
The anode is cooled with water and usually has the
form of a metallic cylinder with double walls or the
form of a cylindrical helix. Oxide cathodes of various
designs are extensively used. Recently, impregnated
cathodes have come into use, in the form of a porous
tungsten sponges impregnated with barium and calcium
aluminate. These cathodes have a larger emissivity.
When working with currents on the order of hundreds
of amperes, the dimensions of these cathodes are
smaller by a factor of several times ten than the
dimensions of oxide cathodes. They do not lose their
emissivity after multiple breaking of the vacuum in the
tube.

The cathode used in [ 9 8 ] was hollow and cooled with
water. The authors state that such a cathode makes it
possible, in principle, to operate with arbitrary cur-
rents; however, the cathode used by them began to

Filament supply

Water

Gas

FIG. 2. Diagram of continuous Ar+ laser, % Ί , W2 — windows placed
at the Brewster angle; M,, M2 - mirrors.
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"sputter" at discharge currents on the order of 30—
40 A, leading to a decrease in the output power. The
use of a hollow cathode is reported also in[39].

The material most frequently used for the main part
of the capillary of the Ar+ laser is quartz.

1. Laser with Quartz Capillary

Quartz is one of the most suitable materials for
discharge tubes. The high heat endurance, the good
electric insulating properties, and the endurance to
erosion are the properties responsible for the exten-
sive use of quartz in ionic argon lasers. There are no
technical difficulties in the preparation of quartz dis-
charge tubes of different diameters and lengths. This
apparently explains why most experimental investiga-
tions reported below were made with lasers having
glass capillaries.

The discharge-tube diameter used by various
authors ranges from 1 to 15-20 mm, and the tube
length runs from 10 cm to several meters. The basic
information concerning the radiation power obtained
with continuous Ar+ lasers with tubes of various lengths
and various diameters is contained in[

30»3i,34,38,40-57]_
In the Soviet Union, the first sealed one-watt con-

tinuous Ar* laser was constructed in 1965 and was
exhibited at the National Economy Fair under the title
"Klen." The instrument was improved in 1966 and
demonstrated in 1967 at the Montreal Exposition under
the tital "Malakhit." In 1966 there was developed in
the USSR one more type of one-watt argon laser,
LG-106, intended for commercial manufacture. An
overall view of Lg-106 is shown in Fig. 3. Both
"Malakhit" and LG-106 are sealed instruments with
quartz capillaries. The discharge is in a longitudinal
magnetic field. The power supplies are compact. A
dismountable quartz Ar+ laser was also developed[58].
The possibility of easily replacing the individual units
is undoubtedly an advantage of the dismountable con-
struction of the laser.

The largest generation power (53 W) was obtained
under laboratory conditions t46·1 with a quartz tube
260 cm long of 7.75 mm inside diameter and with an
external longitudinal magnetic field of ~1000 Oe, at a
discharge current of 100 A; another laser was obtained
in[47a] and was rated 100 W, using a tube of 10 mm
diameter at a discharge current ~ 300 A. It must be
noted that the large radiation power of the Ar+ laser
was obtained in[ ] without an external magnetic field,
i.e., without additional energy consumption. The power
supply of the tube was also simple—it could be fed
from either an ac line or a dc line. The authors of that
paper believe that the power obtained by them is not
the ultimate one, and a power of 0.5 kW is perfectly
realistic*

2. Lasers with Ceramic Capillaries

In addition to having a large number of advantages,
quartz also has a major shortcoming—low thermal
conductivity. The insufficient thermal conductivity of
the quartz limits the power consumed, and consequently

FIG. 3. Overall view of ionic argon laser LG-106 and the power sup-
ply BP-27. Output voltage 510 V; load current 15 A; fed from 380 -
220 V, 50 Hz line.

21) 25 ' 35 40 45 50 55 SO S5 70 75 SO 85 .
Current, A

*See also pp. 726-727.

FIG. 4. Radiation power vs. discharge current for Ar II, Ar III,
KrII, and KrIII [51] (capillary diameter 3.5 mm).

also the output power of the continuous Ar+ laser. In-
vestigations were performed to ascertain the feasibil-
ity of using discharge tubes of various ceramics and
anodized aluminum.

Ar+ lasers with capillaries of ceramic yielded a
power of 1 W at a service life to 300 hours[4el, and
later 5 W[50] at a service life of 1000 hours. Under the
same conditions, the service life of a ceramic capillary
was 1000 hours, and that of a quartz capillary 100
hours.[59]

In1-51-1 is described a laser using ceramic tubes (the
length of each tube is 2.7 cm, the number of tubes is
26), built into an aluminum anodized tube, thus ensur-
ing mechanical strength and cooling of the ceramic
inserts. At a capillary diameter 3.5 mm and with an
external magnetic longitudinal field applied, it turned
out to be possible to operate with currents up to 90 A
in a tube of this construction. Consequently, current
saturation of the generation power was attained for the
first time in a continuous Ar+ laser (Fig. 4).

As seen from Fig. 4, at a current of 75 A and a
pressure of 0.65-0.74 Torr, the generation power
reaches a maximum of 14.1 W, corresponding to a
generation power density 2.5 W/cm3. With further in-
crease of the current, the generation power decreases.
With a laser of this construction, the author succeeded
also in obtaining for the first time continuous genera-
tion using doubly-ionized Ar and Kr in the ultraviolet
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region (Ar III, λ 3511 A; Kr III, λ 3507 A) of the spec-
trum. The radiation power on the Ar III λ 3511 A line
was 13 mW at a total radiation power of the Ar II
lines of 14.1 W.

The largest radiation power in the ultraviolet re-
gime wasoobtained in[ ], namely 1.5 W on the λ 3511
and 3668 A lines of Ar III.

It was also proposed[6t>1 to use tubes made of
anodized aluminum in continuous Ar+ lasers. Experi-
ments were performed with a tube 30 cm long and
2.9 mm in diameter. The film thickness was 60—100 μ.
At an average current of 10 A and a maximum current
of 19 A, the tube operated for 50 hours without notice-
able wear. At a current of 18 A, the power obtained
was 136 mW at a pressure of 0.35 Torr. The authors
believe that such a tube can withstand current up to
60 A and ensure a radiation power of several watts.

3. Sectionalized Lasers

Great success was accomplished with sectionalized
tubes, on the basis of which most commercial Ar+

lasers are now constructed. It was possible to increase
greatly the consumed power, and by the same token
also the output-radiation power, by using tubes made
up of metallic washers. Such a tube is shown sche-
matically in Fig. 5a. The metallic washers are sep-
arated by quartz rings. In 1 3 8 1 they proposed a tube design
(Fig. 5b) using metallic washers separated by rubber
liners. The cathode was of the hollow type.

A generation power of 0.25 W at a current of 10 A
was obtained [421 in the tube assembled from moly-
bdenum discs, at a capillary length of 25 cm and a
diameter of 1 mm.

A power of 1 W was obtained in a tube having the
same capillary length and a diameter of 2 mm at a
current of 40 A. The per-unit radiation power of these
tubes was 1 W/cm3.

It is noted in [ 5 2 ] that the main shortcoming of tubes
of such a construction is the sputtering of the metal,
which leads to erosion of the electrodes and to aging.
The authors of the cited paper experimented with tubes
made up of Mo, Ta, and graphite washers. The experi-
ments have shown that the best material is graphite.
The construction of this tube is shown in Fig. 5c. In-
vestigations were made to determine the service life.
For tubes with a capillary length 15 cm, a diameter
2 mm, and a current of 9 A (impregnated cathode), the
output power obtained was 80—100 mW at an external
magnetic field of 800 Oe. After 1000 hours of opera-
tion, no changes were observed in the output power on
the surface of graphite washers. With a tube 60 cm
long and 4 mm in diameter, made of graphite washers,
an output power of 10 W was obtained at a service life
more than 100 hours. Commercial samples of sec-
tionalized lasers of graphite [ 5 3 > 5 6 ] are being produced
rated up to 2 W with a service life of 1000 hours and
~ 10 W with a service life of ~ 100 hours.

Using a sectionalized tube of graphite washers,
Fendley (see [ 5 2 1) observed generation in a number of
Ar ΠΙ lines'-17-1. The capillary diameter in these ex-
periments was 0.7 mm, the length of the discharge
part was 35 cm. At a current of 25 A, an optimal mag-
netic field of 1200 Oe, and an argon pressure 0.34 Torr,

a)

/ / Washer limiting
Bypass channel * the plasma

FIG. 5. Tubes: a) for an Ar+ laser with a sectionalized capillary [ 3 3 ] ;
b) sectionalized with hollow cathodes [ 3 8 ]; c) for an Ar+ laser with a
capillary of graphite washers [ 5 2 ]. In b I: 1 — working aperture 2.5 mm
diameter, 2 — aperture for water; in b II: A - anode, Κ — cathode, 3 -
rubber liner, 4 — washer, 5 - tightening bolts with insulation, 6 - insu-
lating ring, 7 - lock nuts, 8 - glass tube with water cooling. The active
length of the section was 17.5 cm.

the following gain coefficients were obtained for the
Ar IIIolines: λ 3638 A-0.21 m"1, 3511 A-0.21 m"1,
3336 A-0.1 m"1. In both ends of the tube, a radiation
power of 68 mW and 60 mW was obtained in the
λ 3638 A and 3511 A lines, respectively. For all three
lines of Ar III, the total radiation power was ~140 mW.
Commercial argon ion lasers are being produced with
quartz, ceramic, and sectionalized capillaries. Lasers
with quartz capillaries give an output power from
several hundred mW to ~ 1 W (individual units up to
~ 5 W), while lasers with ceramic and sectionalized
capillaries that produce 3—10 W and have a much
larger service life.

Recently, sectionalized Ar+ lasers made of BeO
ceramic have become available1 ] . These lasers have
a service life of ~ 1000 hours at a radiation power up
to 7 W.
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4. Laser with Radio-frequency Supply and Laser
Operating at Cyclotron Resonance

The argon ion laser with radio-frequency supply f 3 5 ]

is of interest primarily because there are no elec-
trodes in the discharge tube. This makes it possible
to work with active gases (laser action on selenium,
arsenic, and bromine ions was first obtained in such
a discharge).

Among the favorable properties of such excitation
is also the decreased erosion of the quartz capillary,
the absence of electrophoresis and aging, the absence
of noise in the radiation, narrower atomic lines (ap-
proximately 30% narrower than in a dc discharge). The
construction of an Ar+ laser with radio-frequency
pulsed supply, proposed by Bell, is shown in Fig. 6.

Different configurations of inductive coupling be-
tween the laser and the primary winding of the radio
frequency transformer have been investigated[β1-1, and
experiments aimed at determining the parameter of
such a discharge have been performed.

Ιη[β2-*, the tube was fed continuously from a radio-
frequency generator with the aid of a loop located at a
fixed position relative to the tube (Fig. 7). The total
maximum output power for five lines was 1.4 W at a
power supply of 1400 W. The length of the capillary
was 10 to 40 cm, and the diameter 1 to 2.8 mm. It
turns out that the voltage drop on the tube is independ-
ent of the gas pressure, of the current, and of the fre-
quency in the 3.5—2.8 MHz region, and depends on the
tube diameter. The axial magnetic field decreases the
voltage drop on the tube and increases the output power
of the laser. The authors assume that it is perfectly
feasible to obtain with Ar Π a power of ~ 10 W at an
efficiency of 0.2%. On the basis of Bell's investigations,
the firm Spectra Physics has developed a single-mode
Ar* laser with inductive excitation [β31 and with an out-
put-power of ~2 W. Figure 8 shows a diagram of this
laser. The output-power distribution among the genera-
tion lines is shown in Table I. The width of the beam is
1.2 mm and the divergence 0.7 mrad. The guaranteed
service life is 1000 hours.

Quasicontinuous generation on λ 4880 A in a tube of
15 cm length and 10 mm diameter was obtained in [ 6 4 ]

using inductive excitation of the plasma. The tube was
placed in a secondary winding of a transformer, the
primary winding of which was fed from a square-wave
generator at a frequency of 2.5 kHz. The output power
was 150 mW.

An original Ar* laser construction is described
in [ 6 5 1 . It is proposed to produce the population inver-
sion by direct excitation of the upper level from the
ground state of the argon atom. To obtain electrons of
energy ~ 35 eV, which are needed for the realization
of this process, it is proposed to use crossed electric
and magnetic fields. An electron situated in a magnetic
field and in a perpendicular alternating electric field
of the cyclotron frequency will move along a helix and
can acquire energy from the electric field in a large
number of cycles. The proposed laser design is il-
lustrated in Fig. 9. An electric field parallel to the
tube axis was produced by a magnetron of 1 kW power,
and a perpendicular magnetic field was produced by an
electromagnet along 10 cm of the tube length (diameter

20 turns, 4.0 mm dia,
insulation for 10 kV

Inside diameter
10 mm

To vacuum pumpi

Calibrated current meter
(oscilloscope)

FIG. 6. Ar+ laser with radio-frequency pulsed supply [ 3 S ]. a) Tube
with excitation coil (capillary with 4.0 mm diameter); b) block diagram
of supply.

/ Coupling loop To high frequency
generator

FIG. 7. Ar+ laser with radio-frequency supply.

Table I

λ, Λ

4880
5145
4965
4765

Power, mW

900
900

60
60

λ, A

4579
5017
4727
4658

Power, mW

25
25
15
15

3 mm). Generation was observed on five lines. In view
of the fact that at a power input ~ 500 W the total out-
put power was 5 mW, this type of laser can hardly be
of practical interest.

5. Principal Experimental Results

The first experiments on Ar* lasers were per-
formed with discharge tubes of small diameter
(1.25—4 mm). It was established that the properties of
the discharge used for argon ionic lasers are quite
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Three-phase
input High- n

Water inlet

FIG. 8. Diagram of "Spectra Physics" Ar laser with induction exci-
tation [63], with output power ~ 2 W.

Discharge

Electric Held

Laser tube with cooling jacket

FIG. 9. Construction of Ar+ laser operating on cyclotron reso-

peculiar. Only at small current densities, close to the
generation threshold, was there a downward sloping
discharge characteristic. For most regimes, when the
generation power was relatively large, the discharge
characteristics sloped upward. It can therefore be
assumed approximately that the field intensity Ε does
not depend on the current. In addition, in the region of
pressure characteristic of the operation of the Ar+

laser, the field intensity does not depend, or more ac-
curately speaking, depends little, on the pressure. To
the contrary, the dependence of Ε on the tube diame-
ter D is quite strong, and according to measurements
performed at the Bell Telephone Laboratories1^61.

£=1.23ΰ"1 (V/cm), (1)

If D is in centimeters.
The dependence of the output power on the discharge

current was first obtained im 2 2 1 for a tube of 1.9 mm
diameter at current densities 15-300 A/cm2. It turns
out that at a sufficiently large distance from the
threshold the output power increases in proportion to
the square of the current. The saturation of the power
as a function of the current cannot be observed in a
quartz tube, since the capillary is destroyed by large
currents.

The smallest value of the threshold current
(i = 0.37 A at I = 10 cm and D =1.25 mm) is pos-
sessed by the λ 4880 A line of Ar Π (4s 2 P 3 ^ 2 -4p 2 D 5 / 2 ).
With increasing current, following λ 4880 A at 1.5 and
1.85 A respectively, there begins generation on
λ 4765 A (4s 2P 1 / 2-4p 2P3/2) and 5145 A ( 4 s 2 P 3 / 2 -
4p4D5/2). Far from the generation threshold, the main
coherent radiation power (~70—80%) of the Ar* laser
is contained in the λ 4880 and 5145 A lines. It can be
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FIG. 10. a) Dependence of the output power from a unit length of
the discharge on the diameter of the capillary; b) dependence of the
output power from a unit volume of the discharge on the diameter of
the capillary.
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FIG. 11. Dependence of the laser radiation power on the discharge
current [47 ].

FIG. 12. Dependence of the output power per unit discharge length
on the discharge current for capillaries of 1.2 and 4.1 mm diameter at
H = H o p tandH = 0[ 3 2 ] .

divided approximately equally between them if the
transmission curves of the mirrors are suitably
chosen.

At a fixed discharge current, the generation power
depends strongly on the pressure of the argon filling
the capillary. For each value of the current, there is
an optimal pressure. With increasing current, the op-
timal pressure increases. As will be shown below, this
is due to the increase of the rate at which the gas is
forced out from the capillary into the colder parts of
the discharge tube. The range of working pressure of
a continuous-action Ar+ laser is ~0.3—0.6 Torr (for
capillaries of 2—4 mm diameter without an external
magnetic field).

As was already indicated above, the first studies of
continuous Ar+ lasers were performed with small-
diameter discharge tubes. The use of large cross sec-
tion discharge tubes for lasers was hindered for some
time by the lack of cathodes suitable for work at large
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currents (~100 A) not in vacuum but in an argon at-
mosphere. At the present time these difficulties have
been overcome, and experiments with discharge tubes
of large cross sections have shown that the power both
per unit length and per unit volume (at j = const) in-
creases with increasing diameter of the discharge tube
(Figs. 10a and b; the plots are based on the data of
of [ 3 4 ' 1 7 ]).

Particular success in this direction was attained by
the authors of 147Ά\ As indicated above, by using a
quartz discharge tube of 10 mm diameter they obtained
a generation power of ~ 100 W. Investigations of lasers
with discharge tubes of 15 mm diameter, reported in
that reference, have shown that formula (1) is valid in
practice also for tubes of large diameter (the numeri-
cal coefficients differ in [ 6 6 ] and [ 4 7 ] by 7%). The op-
timal pressure, as a function of the diameter of til -
tube D, is determined at jD <100 A/cm by the rela-
tion

P5 = 0.05O-i(Torr), (2)

where D is in centimeters. The authors of[4?a:l have
also found that the efficiency in a tube of 7-15 mm
diameter is proportional to the tube diameter, and far
from the threshold the power, just as in small-
diameter tubes, increases in proportion to the square
of the current (Fig. 11). As seen from Fig. 11, the
experimental points fit satisfactorily a quadratic de-
pendence on the current in the range from 40 to 400
A/cm2.

a) Superposition of an external magnetic field on the
discharge of an ion laser leads to an appreciable in-
crease of the generation power. This is first observed
by Gordon et al.C 3 2 ], who placed an argon ion laser in
a longitudinal magnetic field in order to decrease the
ion bombardment and the thermal mode on the quartz,
and by the same token increase the service life to the
laser.

The dependence of the power on the field turned out
to be nonmonotonic, and the power depends on the
diameter of the capillary (the investigations were per-
formed with capillaries of 1-8 mm diameter). For
each capillary diameter there is a definite optimal
magnetic field, yielding a maximum increase of the
output power. This optimal field is the smaller, the
larger the diameter of the capillary. The increase of
the output power upon superposition of a magnetic field
is shown in Fig. 12, for two capillary diameters (1.2
and 4.1 mm). At currents greatly exceeding the thresh-
old values, the ratio of the increase of the output power
when the optimal magnetic field is applied, for the
capillaries with 1.2 and 4.1 mm diameter, is almost
proportional to the ratio of the diameters. The ratio
of the increases of the power with the field applied is
2.9 for these tubes, whereas the ratio of the diameters
is 3.3.

The value of the optimal magnetic field HOpt de-
pends on the discharge and on the gas pressure. With
increasing current and pressure, Hopt decreases.
Figure 13 illustrates the dependence of HOpt and of
the corresponding generation powers on the gas pres-
sure for a capillary of 4 mm diameter, 28 cm length,
at a current 30 A [ 4 2 ]. As seen from the figure, when
ρ increases from 0.5 to 0.9 Torr, HOpt decreases

0.5 Ton, 330 mW
it the maximum

0.65 Ton, 119 mW
at the maximum

01 0.2 0.3 0.4 0.5 0.6 07 0.S 0.9
H, kOe

FIG. 13

0.2 O,B 1.0 1.4

FIG. 14

FIG. 13. Dependence of relative generation power R on the exter-
nal magnetic field for different filling pressures [ 4 2 ] .

FIG. 14. Threshold power curves corresponding to the instant of
cessation of generation on the discharge axis [ 4 2 ] .

from 600 to 200 Oe. The threshold generation curve
shown in Fig. 14 separate the region of values of ρ and
Η at which the generation is impossible (above the
curve), from the region of these values of ρ and Η at
which generation is possible. Investigations of the dis-
tribution of the generation power over the cross sec-
tion of the beam have shown that the decrease of the
generation power with increasing ρ and Η (after
reaching the optimal values Popt a n c · HOpt), is con-
nected with the cessation of the generation on the dis-
charge axis and subsequent expansion of this region up
to the walls of the discharge tube. When ρ > p o p t and
Η > HOpj-, the generation occurs already not in the
entire cross section of the discharge tube, but only in
a region located at a certain distance from the tube
axis. Similar laser rings were observed also with
pulsed lasers [ 6 7 1 and were attributed to dragging of
the resonant radiation'·68^.

Detailed investigations of the dependence of the out-
put power on the principal discharge parameters
namely current, gas pressure, axial magnetic field,
and also on the diameter and length of the capillary
for lasers with quartz capillaries and with a radiation
power of several watts, are reported in'-69·'. The main
result of that paper is shown in Table Π, which gives
an idea of the optimal parameters of the discharge for
tubes of varying diameter. It is seen from the table
that a change from a tube of 3 mm diameter to a tube
of 4 mm diameter leads to an appreciable increase of
the radiation power and of the efficiency of Ar+ lasers
(it was impossible to carry out the comparison with a
tube of 6 mm diameter, for in this case the mirrors
were not optimal).

It should be noted that an external magnetic field
increases the output power not only of a continuously
acting Ar+ laser, but also of a pulsed laser. The ef-
fect here, however, is much weaker. As was estab-
lished in1-701, when a magnetic field is superimposed,
the generation power of a pulsed laser increases, de-
pending on the discharge conditions, by 20—100%. The
efficiency of the pulsed laser increases by approxi-
mately the same amount.

b) Transfer of gas, due to the appearance of elec-
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Table II

Output power,
W H,Oe i, A j, A/cm

Voltage drop
across tube,
V, volts

Power fed to
tube, W

Efficiency
in un.
of ΙΟ"

4

3.30
2.19
1.48
0.99

1.67
0.96

6.86
5.60
4.34
1.17

1 47
0.57

0.95
0.72
0.50
0-40

Tube dia.

1260
1260
1000
1000

27.5
22.5
17.5
15.0

3 mm, I~

389
318
248
212

46 cm

180
168
159
155

4950
3780
2780
2320

0.60
0.50

500
500

Tube dia.

50.0
40.0

I = 28 cm

398
318

109
103

Tube dia. 4 m m , I = 46 cm

0.66
0.66
0.45
0.26

740
740
740
592

50.0
40.0
35.0
20.0

398
318
279
159

144
138
124
114

5450
4120

7200
5520
4350
2280

0.37
0.27

Tube dia.

667
400

50.0
40.0

3 mm, l~

177
142

46 cm

101
97

5050
3880

6.67
5.79
5.32
4.25

3.07
2.32

9.50
10.2
10.0
5.15

2.92
1.47

trophoresis, plays an important role in continuous -
radiation Ar+ lasers. In the case of strong currents,
the transfer of gas, usually proceeding from the cathode
to the anode, reverses direction, and goes from the
anode to the cathode. It was noted in171·1 that in the
continuous operation mode the laser generation appears
only after a certain time after the start of the dis-
charge. The experiments were performed with a tube
of 8 mm diameter and Ζ =40 cm. The delay depends on
the pressure and on the current, which determine the
rates of transfer and forcing out of a gas. To equalize
the pressure in the anode and cathode sections of the
capillary and to ensure normal operation of the laser,
the discharge tube is provided with a bypass channel.
The diameter of the bypass channel is usually some-
what larger than the diameter of the capillary.

The theory of the gas-transport phenomenon in a
discharge with large current density has been devel-
oped in [ 6 6 ' 7 2 ] . In [ 6 6 j are given also experimental data,
which are compared with the theory.

An interesting experiment is described in t 7 3 1, the
authors of which obtained continuous laser operation
in a continuous stream of argon. The argon could flow
in the system either from the cathode to the anode or
from the anode to the cathode. At discharge currents
i < 50 A, the dependence of the power on the discharge
current was the same (Fig. 15). At currents i > 50 A,
the radiation power increases with the current if the
gas flows from the cathode to the anode. When the gas
flows from the anode to the cathode, the opposite pic-
ture is observed, and the radiation power decreases
with increasing current.

c) Splattering of windows and mirrors . As indicated
above, at the present time output powers up to 1 kW
have been attained in an Ar+ laser having a tube of
10 mm diameter and length ~ 3 m, in the blue-green
region of the spectrum. Thus, at a mirror reflection
coefficient of 90%, a power of ~ 1 kW falls on 1 cm 2

of the mirror. At powers of this order (at even at
lower values, as follows from the data of [ 6 9 ]) the opera-
tion of the laser is particularly strongly influenced by
the formation on the windows (or mirrors) of an ab-
sorbing layer consisting of splattered particles of the
electrodes and the walls.

30 iff 70 30

FIG. 15
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FIG. 16FIG. 15. Dependence of the laser radiation power on the discharge
current in the case of gas flow from the cathode to the anode (C -» A)
and from the anode to the cathode (A -» C). Discharge tube of 6 mm
diameter, L = 50 cm, p 0 = 0.5 Tcr-, Η ~ 400 - 500 Oe.

FIG. 16. Dependence of the laser emission power on the external
magnetic field at different transparencies of the laser windows.

As a result, the power of the laser decreases, the
shape and dimensions of the nonlinear beam cross
section change. After the absorbing layer is removed
from the windows, the power of the laser and the beam
shape and dimensions are restored. (Figure 16, taken
from [ 6 9 ], shows the dependence of the output power on
the external magnetic field. Curve 1 was obtained 50
hours after the start of the laser operation, and curve
2 immediately after the cleaning of the windows.)

The formation of an absorbing layer was investi-
gated in detail in [ 7 4 ], where it was shown that absorp-
tion of the radiation in the absorbing layer results in
thermal deformation of the optical elements located in
the resonator, transforming them into a lens of sorts.
This leads to a considerable divergence of the beam
and to the limitation of the output power to a value
much lower than obtained at the first instants of laser
operation.

Among the measures proposed to prevent formation
of an absorbing layer and the ensuing consequences
are thorough outgassing of the discharge tubes and of
all the parts, locating the cathode away from the dis-
charge axis, locating the windows at larger distances
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from the discharge, and the use of electric and mag-
netic fields as shutters in front of the optical part.
Neither of these measures, however, is a reliable
method of preventing formation of an absorbing layer.
The absorbing layer on the surface of the windows (or
on the internal mirrors) is the main obstacle limiting
the increase of the power of the continuous Ar+ laser.
Owing to this layer, the actual service life of the win-
dows (or mirrors) reduces to several minutes, thereby
decreasing the actual usefulness of a 100-W continuous
argon laser. In addition, the mirror layers of the
resonator are damaged by the high-power laser radia-
tion.

IV. HYPOTHESES CONCERNING THE MECHANISMS
OF FORMATION OF INVERTED POPULATION IN
AN ARGON ION LASER

In solving the problem of the mechanism of forma-
tion of inverted population in any laser system, it is
necessary to answer two questions: 1) What processes
ensure pumping to the upper laser level? 2) What
processes are responsible for the decay of the popula-
tion of the laser lower level?

For the Ar+ laser, a practically unambiguous an-
swer to the second question was obtained by Statz et
al. [ 3 7 1 , who established by calculation that the radiative
lifetime of the lower laser levels of Ar II is much
lower than that of the upper levels. From this, under
the assumption (which, of course, must be verified)
that the rates of pumping of the upper and lower laser
levels do not differ very strongly, it follows that in-
verted population can be produced as a result of very
intense transitions from the lower laser levels to the
ground state of Ar Π.

The situation is not so simple with the first ques-
tion. As stated in Ch. Π, the anser to this question
could be proposed in the first investigations only in the
form of hypothesis that called for experimental verifi-
cation. Figure 17 illustrates the proposed hypothesis.
Since all the laser lines of the ionic argon laser of
continuous action belong to transitions between the
configurations 4p and 4s, all the levels of each con-
figuration are represented in the figure, for the sake
of clarity, in the form of a single level. Using Fig. 17,
let us discuss successively each of the hypothesis.

The hypothesis of Gordon and co-workers, that a
stepwise excitation takes place (Fig. 17a) seems to be
the most likely. Indeed, in order to excite the upper
levels of the 4p configuration of Ar Π from the levels
of the ground configuration 3p5 of Ar Π, it is neces-
sary to have more modest electron temperatures than
for excitation from the ground state of the atom of
Ar I, 3pe, as is proposed in the hypothesis of Bennett
et al. (Fig. 17d). The hypothesis of stepwise excitation
is also confirmed by the experimentally-established
approximately-quadratic dependence of the spontaneous
emission of the laser lines of Ar Π on the current
density. It may seem that this hypothesis is contra-
dicted by the fact that the electron cross section for
the excitation of the upper laser levels in the configura-
tion 4p of Ar Π from the ground 3p5 configuration of
Ar II should be much smaller in the Born approxima-
tion than the cross section for the excitation of the
lower laser levels of the 4s configuration of Ar Π,
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FIG. 17. Possible processes of population of laser levels of Ar II.

since the 4p levels have the same parity as the ground
state. It must be borne in mind, however, that the Born
approximation is not valid for the calculation of the
cross section for the excitation of the ion levels. A def-
inite role in the population of the levels of the 4p configu-
ration may be played by cascade transitions from the
levels ns (n > 4) and nd (n > 3) (Fig. 17b). Nor can one
exclude the possibility of stepwise pumping by electron
impact at several levels of the 4p configuration from
the ground state of the argon ion via the metastable
states located below the 4p configuration (Fig. 17c).
In particular, levels of the 3d configuration of Ar II,
with quantum number J = 7 2 and 9/z, which are not
connected by optical transitions with the ground levels
of Ar Π, can take part in this process. The last two
hypotheses were first mentioned in the paper of
Bridges and Chester [ 2 0 ].

Bennett's hypothesis'-21-' that the upper laser con-
figuration 4p of Ar II is populated directly from the
ground state of the atom (Fig. 17d) is based on the fact
that in collisions between fast electrons and atoms, of
the type e + Ar — (Ar+)* + 2e, the theory predicts
a preferred population of the configuration 3p44p of
Ar Π, compared with 3p44s. An analogous situation
obtained also in the case of collision between electrons
with metastable atoms (Fig. 17e) [ 4 ]. The hypothesis
that the 4p configuration of Ar Π is excited from the
metastable state 3p54s of Ar I has the advantage over
the hypothesis of excitation from the ground state 3p6

of Ar I that in the former case less energy of the elec-
trons is required than in the latter. This is quite im-
portant, for in the case of a continuous Ar+ laser, un-
like a pulsed one, one can hardly expect electron tem-
peratures higher than 10 eV.

In the excitation of the levels of the upper laser
configuration 4p of Ar Π from the ground and the
metastable states of Ar I, as well as of the levels of
the lower laser configuration 4s from the ground state
3p5 Ar Π, the absorption lines on the transitions
4s — 4p will experience a Doppler shift relative to
the initial lines, owing to the drift motion of the ions
in the longitudinal electric field*. The presence of a
Doppler shift between the upper and lower laser levels
can lead to a decrease of the influence of the dragging
of the radiation at the transition 4s — 3p5, which is
quite possible as a result of the high probabilities of

*It is assumed that the ions in the excited states are not additionally
accelerated as a result of their brief stay in these states.
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the radiative transition between the levels of these
configurations. This means that the inversion between
the 4p and 4s configurations can be retained up to ar-
bitrarily large densities of Ar Π, and consequently
large specific powers of laser emission, as observed
in experiment, can be attained.

The foregoing discussion illustrates that each of the
proposed hypotheses concerning the mechanism of
pumping and argon ion lasers has its shortcomings and
advantages. Which of the hypotheses is reliable, or
more accurately speaking, what role does each of the
considered processes play in the formation of the in-
version, cannot be ascertained without a quantitative
or at least a semiquantitative analysis. Naturally, for
this analysis it is necessary to have data on the parame-
ters of the Ar+-laser discharge plasma and on the rates
of the radiative collision processes. Therefore we
first discuss the results of measurements of the
parameters of the plasma of an Ar+ laser discharge.

V. PARAMETERS OF THE PLASMA OF AN IONIC
ARGON LASER

1. Discharge Without Magnetic Field

The plasma of an argon discharge in capillaries, at
low pressures, was first investigated in detail by S. E.
Frish and his co-workers'-751. However, the current
densities in the discharge, at which the investigations
were performed, did not exceed 50 A/cm2, i.e., they
were much lower than the densities characteristic of
Ar+ lasers.

Information concerning the parameters of the Ar*
laser plasma, when the laser is fed with direct current,
were obtained in176"87-1, mainly by the spectral-diagnos-
tics method. Investigations other than spectral were
performed only in the Bell Laboratories, where probe
measurements were made, but at current densities
much lower and gas pressures much higher than those
at which generation is observed. The details of these
investigations have not yet been published, but the re-
sults of the measurements are cited by Chester^661 in
the form of empirical formulas for the temperature of
the gas and the electron density. Great interest at-
taches to the work of V. A. Stepanov and co-workers^861,
who investigated the distribution of the gas density in
the Ar+ laser capillary by an interferometric method
with an He-Ne laser used as the light source.

Spectral investigations were carried out at the
Physics Institute of the USSR Academy of Sciences1 7 6 '8 0 1

in quartz tubes of two types, under conditions typical
of Ar+ lasers. The length and diameter of one tube
were 25 and 1.6 mm, and that of the other were 40 cm
and 2.8 mm. The capillary and the anode were cooled
with water. The current density ranged from 100 to
500 A/cm3, and the pressure ranged from 0.1 to 0.7
Torr.

a) The atom temperatures determined from the
Doppler width of the Ar I lines emitted along the dis-
charge range from 1500 to 3500°K (Fig. 18). The
Ar II lines also have Doppler contours, but the longi-
tudinal ion temperatures Tf[ are higher than the
atomic ones by an approximate factor of 1.5. The
transverse temperature T* is still higher than the
longitudinal ion temperature. Thus, the velocity dis-

300 j . A/cm2

FIG. 18. Dependence of the temperature of the atoms T a , of the
longitudinal temperature Tit, and of the transverse temperature T* of the
ions on the current density for a tube of 2.3 mm diameter. p 0 — filling
pressure. The temperature of the atoms was measured from the Ar I
4259 and 4272 A lines, the temperature of the ions from the Ar II A
4933 and 4228 A lines. (Τι] - from radiation along the discharge, T*L -
from radiation across the discharge; the experimental points for the
dependence of T j on j are not indicated, since they are derivatives of
the dependences of δλ^[ on j , constructed from the experimental data).

tr ibutions of the ions and atoms a r e different, and in
addition, the ion velocity distribution is anisotropic in
space. With increasing current density, both the atom
and the ion tempera ture increase . The dependence of
the atom t e m p e r a t u r e on the p r e s s u r e is relatively
weak, while the ion t r a n s v e r s e tempera ture increases
quite strongly when the p r e s s u r e changes from 0.2 to
0.37 T o r r . At the same current densit ies, the t e m p e r -
ature of the atoms in a capillary of 2.8 mm diameter
is higher than that in one of 1.6 mm diameter .

The obtained values of the atom t e m p e r a t u r e in the
plasma of the Ar+ laser agree with the data of [ 8 1 '8 2 ],
and, somewhat surpris ingly, the experimental values
of T a for the capillary with 2.8 mm diameter agree
with those calculated in accordance with Chester ' s
empir ica l formula^ 6 6 1

Γο/300= 1 + 2; (A/mm2) £»1 / 2(mm)' (3)

In spite of the fact that T a was obtained on the bas i s
of experiments performed in a different range of cur-
rent s and p r e s s u r e s to the experiments performed at
Physics Institute of the USSR Academy of Sciences.
The agreement is somewhat worse for a capil lary with
D = 1.6 mm (the calculated values a r e higher than the
experimental ones by 20—30%).

b) The concentration of the argon atoms in the dis-
charge in the capil lary is much lower than the concen-
trat ion of the initial gas filling the tube, since the
strong heating of the gas in the capillary (Ta ~ 1600—
3600°K) causes it to be forced out into par t s of the dis-
charge that a r e colder and larger in volume (the anode
and cathode bulbs). At a known atom t e m p e r a t u r e , the
concentration of the argon atoms can be est imated on
the bas i s of the gas law

Ν = 7VV300/7\1 (4)

(where No is the concentration of the atoms at room
t e m p e r a t u r e ) , and the mean free path of the atom can
be determined with the aid of the formula^ 6 6 1

λα = 0.0476(Γβ/300)/ρ. (5)
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If it is assumed that the concentration of the argon
atoms during the time of filling is 1.3 x 1016 cm"3 (p 0

= 0.37 Torr), then, as follows from Fig. 18, for a
capillary with r = 1.4 mm it will be equal to 2.7
x 1015 cm"3 at j =160 A/cm2, and 1.1 χ 1015 cm"3 at
j =330 A/cm2, while the mean free paths of the atoms
will be 0.7 and 1.5 mm, respectively. These estimates
show that at capillary radii, pressures, and current
densities characteristic of the argon laser, the mean
free path turns out to be comparable with the radius of
the capillary. If this is so, then the applicability of the
gas law to the estimate of the concentration becomes
doubtful. There is all the more reason for the doubt,
since no account is taken of the pressure of the elec-
tron gas, which may be comparable with the pressure
of the neutron gas as a result of the high temperature
T a (see below).

In addition, experiments have shown'·82'88·' that at
large currents a radial inhomogeneity of the atom con-
centration sets in. This agrees with the theory of
Caruso and Cavaliere f 8 9 ], according to which the de-
gree of inhomogeneity of the plasma depends on the
quantity N e ( v e a e ) ^ r / v (Ne-electron density, ν
(ν β σ Θ ) j—averaged rate of ionization by the electrons,
r—radius of the capillary, v—thermal velocity of the
atoms). In the case of the discharge used for Ar+

lasers, this quantity is of the order of unity. In the
presence of an appreciable radial inhomogeneity, we
do know the ratio of the concentration obtained with
the aid of the gas law to the concentration existing in
the discharge. However, measurements of Stepanov
and co-workers1 8 2 1 have shown that approximately at
the midpoint of the capillary radius the concentration
of the neutral atoms coincides with that calculated in
accordance with a gas law. Therefore, for estimates
of the average concentrations of the atoms in the
plasma of an ionic argon laser we can use thegas law.

The mean free path of the argon ion between charge
exchanges [66], i.e.,

λ; w 0.05 (7V300)/p, (6)

is approximately equal to the mean free path of the
argon atom. This leads to the important conclusion
that not only Xa « r, but also λι » r, and that in the
first approximation the ions therefore fall freely on
the wall.

c) The temperature of the electrons in the laser
plasma can be determined on the basis of the Langmuir-
Tonks-Klyarfel'd (LTK) theory. To be sure, the values
of Ke determined in this manner will be only tentative,
since the LTK theory is valid if λί > r, but not when
λχ ~ rj, as is the case in the discharge. Figure 19
shows the dependence of the electron temperature Te
on rp 0 (po—pressure in the capillary at 0°C), calcu-
lated in accordance with the Klyarfel'd formula1^0-1 at
Q = 0.70 [ 9 1 ].

It follows from the diagram that for a capillary of
2.8 mm diameter and at a filling pressure p0 = 0.37
Torr, the value of Te increases from 43,000 to
52,000°K when the current density increases from 160
to 320 A/cm2.

The increase of T e with increasing current density
is due to the decrease of the gas density as a result of
the decrease of T a , which leads to a further forcing

out of the gas. As already indicated above, the obtained
value of T e should be regarded only as an estimate. It
is tentative also because it was assumed, in the calcu-
lation by the Klyarfel'd formula, that the ionization
occurs from the ground state, whereas ionization from
the metastable state can also be appreciable. Further-
more, in the LTK theory it is assumed that the gas
density in the gas-discharge tube is constant, whereas
there is an appreciable density gradient in the dis-
charge of interest to us.

An estimate of the electron temperature of the Ar+

laser plasma can also be obtained on the basis of ex-
perimental data on the ion transverse temperature
from the Kagan-PereP theory^92·1. The large broaden-
ing of the ion lines compared with the atom lines in the
discharge of interest to us is connected with the pres-
ence of radial and longitudinal electric fields. The
larger the radial field, the broader the ion line ob-
served in a direction perpendicular to the discharge
axis. On the other hand, according to Langmuir and
Tonks, the radial potential difference Vr is connected
with the electron temperature T e by the simple rela-
tion

This formula expresses the simple fact that to ensure
equality of the electron and ion currents to the wall the
radial field must delay the bulk of the electrons from
the Maxwellian distribution. It is seen from (5) that
the larger T e the larger V r, and consequently the
larger the width of the ion line observed in the trans-
verse direction. Kagan and Perel ' [ 9 2 ] solved the kinetic
equation under the condition λί > r, and obtained the
ion-velocity distribution function in a cylindrical dis-
charge tube. The solution was obtained with allowance
for the longitudinal and transverse electric fields, un-
der the assumption that the ions are produced in the
volume and vanish on the walls. It was also assumed
that the excited states of the ions originate from the
ground state. Using the ion velocity distribution func-
tion, Kagan and PereP calculated the effective trans-
verse ion temperature T*, which can be determined
from the width of the ion lines registered by observa-
tion along the capillary diameter, and found that it is
connected with T e and T a by the relation

Table III lists the results of an estimate of Te in ac-
cordance with formula (8) as a function of the current
density for three pressures in a capillary of 2.8 mm
diameter. The initial data are the half-widths of the
spectral lines of Ar II and the effective transverse
temperatures calculated from them (see Fig. 18)*.
Estimates show that the electron temperature in-
creases with the current density and decreases with
increasing pressure. Thus, at a pressure p0 =0.37
Torr, when the current density increases from 160 to
330 A/cm2 (in a capillary of 2.8 mm diameter), T e

increases from 52,000 to 90,000°K, and at j =160 A cm 2

it drops from 56,000 to 32,000°K when the pressure

*We note that the Lorentz part was not separated from the experi-
mental Ar line widths, so that the value of T e listed in Table III are
somewhat overestimated.
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FIG. 19. Dependence of T e

on rp0 in accordance with the
theory of Langmuir-Tonks-
Klyarfel'd. r - tube radius, p 0 -
pressure at 0°C.

Table III. Electron temper-
ature T e in the plasma of a
discharge in argon in a cap-
illary of 2.8 mm diameter

j , A/cm2

160
200
240
300
330

Te, 104 °K

pn =
=0 21Τ0Π

5.6
6.5
7.3
8.6
9.2

=0.37Ton

5.2
6.1
6 9
8 3
9.0

Po =
=0.62Tori

3,2
4.0
4.7
5 9
6.5

50 100 T.,W''K

FIG. 21

FIG. 20. Longitudinal electric field Ε as a function of the capillary
D. · -from [ 2 7 ] ( i = 5 - 16 A, p o = 0.12 - 0.50 Torr), Ο - from [4S]
(i = 9 A, p o = 0.2 Torr), D -from [ 4 0 ] ( i = 100A,p 0 = 0.05 Torr).

FIG. 21. Dependence of the cross section of the electric conductiv-

ity <Qa> on T e .

increases from 0.21 to 0.62 Torr. The growth of the
temperature with increasing current density is per-
fectly understandable, if it is recognized that the gas
density decreases with increasing j , so that the mean
free path Ae increases, and with it also Te, in accord-
ance with the relation1-931

Te = EkeIV 2κ, (ν)

(κ is the fraction of the energy lost on the average by
the electron in one collision). Thus, the growth of T e

takes place in spite of the fact that the field intensity
remains constant.

d) The electron concentration Ne at a known elec-
tron temperature can be estimated with the aid of the
e lectr ic - conductivity formula1941

Ka (0)

—r^ .
Γ,,1" 2 [ Λ ' ; <<?,•>-JVo(<?a>]

(10)

j is a known quantity, Ε is determined from the plot
in Fig. 20, which is based on the data of[34'47'52], Ni and
N a are the ion and atom concentrations in the dis-
charge, and ( Q i ) and ( Q a ) are the corresponding
electric conductivity cross sections; Κσ(0) ~ 1. The

electric-conductivity cross sections ( Q a ) as functions
of T e were calculated by P. L. Rubin and are given in
Fig. 21. At T e = 5 x 104oK we have (Q a > = 8 x 10~6,
and at T e = 9 x 104oK we have (Q a > = 6 x 10~16 cm2.
The (Qi) were calculated from the formula195 ]

The results of the calculation of N e are given in Table
IV. It must be recognized that the estimate of N e with
the aid of formula (10) has an accuracy not better than
by a factor of 2. This is connected primarily with the
insufficient accuracy with which the argon atom con-
centration is determined. However, an estimate of N e

on the basis of the half width of the Ηβ line confirms
the assumption that the data listed in Table IV are
reasonable.

As seen from Table IV, N e varies little with vari-
ation of j . To the contrary, it increases from
3 x 1013 to 14 x 1013 cm"3 with increasing pressure
from 0.21 to 0.62 Torr.

In addition to the values of N e obtained from the
data on the electric conductivity, Table IV lists the
values of N e obtained from Chester's empirical
formula [ 6 6 ]

<Ve(cm~%, 10"/ (A/cm2) r (cm)/), (Torr)(300!Ta)
1 (12)

In spite of the fact that Chester's formula was obtained
on the basis of experiments with a discharge at higher
pressures and lower current densities than those that
are typical in Ar+ lasers, there is agreement, with
accuracy not larger than by a factor of 2, between the
data obtained from the electric conductivity and with
the aid of Chester's formula, which has been derived
on the basis of experiments performed at the Bell
Laboratories.*

Summarizing, we can state that the data obtained by
various authors concerning the temperatures of the
atoms and the concentrations of the electrons are in
satisfactory agreement. With respect to Te, on the
other hand, there is an appreciable discrepancy be-
tween the data of FIAN and the data of the Bell Labora-
tories. As seen from the Physics Institute (FIAN) data
listed in Table III, the temperature estimated from the
half-widths of the lines radiated across the discharge,
under conditions typical of the operation of Ar+ lasers,
increases with increasing current density from 50,000
to 90,000°K at po = 0.21-0.37 Torr, and from 30,000
to 60,000°K at po = 0.62 Torr. We emphasize that the
growth of T e with increasing current density is a re-
liably established fact, but the accuracy with which the
absolute values of T e have been determined is not too
high (~ 20%), in view of the fact that the Kagan-Perel'
theory is based on a model.

On the other hand, according to the measurements
performed at the Bell Laboratories [ 8 7 ' 6 6 ] , the value of

*We note that the agreement is only with respect to the value of
N e , but not with respect to the dependence of N e on j . According to
formula (12), N e ~ j ' 2 (since 300/Ta ~ j ). In the investigations per-
formed at the Physics Institute of the USSR Academy of Sciences
(FIAN), in the narrow range of j in which the investigations were car-
ried out, no dependence of N e on j was observed within the limits of
the experimental errors.
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Table IV. Electron concentration Ne in the plasma of a dis-
charge in argon in a capillary of 2.8 ram diameter

J.

160
200
240
300
330

1900
2300
2700
3300
3700

Xe, 1013 c m " 3

j)o = 0.

From σ

2.9
3.0
3.0
3.0
2.9

21 Ton

From
formula

(12)

1.9
2.1
2.3
2.7
2.8

Po = 0.37 Torr

'From ο

5.4
5.4
5.5
5.5
5.2

From
formula

(12)

3.3
3.7
4.1
4.7
4.9

From the
half-width

ofHfl

3.7

—

Po = 062 Torr

From ο

14.4
13.3
14.3
13.4
13.0

From
formula

(12)

5.5
6.3
6.9
7.9
8 1

T e in the discharge used for Ar* lasers is of the
order of (20-25) x 103°K and does not depend on j . It
is impossible to agree with this result, since at these
temperatures one cannot ensure the generation powers
observed experimentally (see below) even at large ion
concentrations Nj (exceeding 2 x 10" cm"3).

e) The ionization rate z, i.e., the number of ioniza-
tions per second in 1 cm3 per electron, is an important
characteristic of the plasma and is a quantity inverse
to the lifetime of the ion in the discharge. According to
the Langmuir-Tonks theory, it equals

z = (S/p)(M/2kTe)~i/2. (13)

On the plasma boundary ρ = r and S = 0.77. This rela-
tion expresses the simple physical fact that accurate to
a coefficient of the order of unity, the reciprocal time
of flight of the ion from the axis to the wall is equal to
the velocity of its motion as determined by the radial
field (θνχ = kTe ), divided by the radius of the tube.

According to the Kagan-Perel' theory, when λϊ
^ r it is possible to determine ζ from the experi-
mentally measured ion drift velocity v z with the aid
of the relation

Vz = 0S9eE/MtZ. (14)

Thus, the drift velocity is proportional to the longitud-
inal field Ε and to the lifetime of the ion in the dis-
charge; the larger the radial field, the smaller this
lifetime.

The drift velocity of the ions and atoms along the
tube was determined by measuring the Doppler shift of
the spectral line of Ar+. The optical system of the
setup is shown in Fig. 22. The results obtained for the
ion and atom velocities, for a tube of 2.8 mm diameter,
are shown in Figs. 23 and 24. As seen from Figs. 23
and 24, the drift velocities of the atoms and of the ions
are of the same order of magnitude. However, with in-
creasing current, the ion drift velocity decreases and
the atom drift velocity increases. These results are
perfectly understandable. If λχ ~ r, the observed de-
crease in the ion drift velocity with increasing current
density is connected with the increase of the accelera-
tion of the ions towards the wall as a result of the in-
crease of the radial field. The existence of an atom
drift towards the anode agrees with the experimentally
observed transfer of gas from the cathode to the anode
as a result of the dragging of the atoms by the electron
stream. As follows from Fig. 23, the momentum trans-
ferred to the electrons (per atom) increases with in-
creasing current density j , this being connected with
the decrease of the gas density with increasing j .

FIG. 22. Optical system of the setup for the measurement of the Ar
Ar I and Ar II line shifts. M,, M2, M3, M4 - mirrors, Ρ - prism, DT -
discharge tube, Li, L2, L3, L4, L s, L6 - lenses, s - slit of UF-90 camera.

The possible drift of the atoms does not take into
account in the Kagan-Perel' theory, so that Vz in
formula (14) is simply equal to the ion drift velocity.
In our case, however, the ions come from atoms mov-
ing in a direction opposite to the field; therefore \rz in
(14) is equal to vz = vi +Va, where VJ and v a are the
ion and atom velocities determined from the shift of
the spectral lines of the ions and the atoms. The ioni-
zation rate was determined from the velocity v z in
accordance with formula (14). The obtained results are
listed in Table V (for a tube of 2.8 mm diameter). The
same table gives the results of the calculation of ζ in
accordance with the Langmuir-Tonks theory, using the
experimental values of Te from Table ΠΙ. As seen
from Table V, the agreement between the two values of
ζ is satisfactory, thus clearly indicating that the esti-
mates of T e given in Table III are reasonable. Meas-
urements were also made at FIAN of the shift of the
Ar Π lines in a capillary of 1.6 mm diameter, up to a
current density 500 A/cm2. These measurements have
shown that in this capillary ζ is larger than in the
2.8 mm capillary, and reaches (1—2)x 107. We empha-
size that the values of ζ given in Table V, just like the
values of T z in Table III, are estimates, in view of the
complexity of the investigated discharge as compared
with the discharge model on which the theories of
Langmuir-Tonks and Kagan-Perel' are based.

Notice must be taken of two other circumstances.
First, according to the theory of Kagan and Perel', ζ
can be determined not only from the shift of the ion
lines, but also with the aid of the formula

7fi = Τ a -f (0.82e2E2/kMz*-), (15)
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where T* is the temperature determined from the
Doppler width of the ion line, observed along the dis-
charge. In spite of the fact that this formula does not
take into account the generation of the ion by an atom
having a velocity directed opposite to the longitudinal
field, estimates based on this formula give values that
are underestimated by not more than 2—3 times com-
pared with the estimates of ζ by formula (14).

Second, in the discharge of interest to us, ζ can be
calculated from the known temperature of the electrons
and the ionization cross section. Calculations carried
out by P. L. Rubin, with allowance for the fact that
ionization is appreciable not only from the ground state
of the argon but also from the metastable state, have
shown that the values of ζ obtained in this manner are
larger by 3—10 times than those given in Table V. A
discrepancy of this type may be connected with the in-
sufficient reliability of the employed cross section for
the ionization from the metastable state. We therefore
regard the estimates of ζ given in Table V as more
reliable.

2. Discharge in a Longitudinal Magnetic Field

Inasmuch as superposition of an external longitudinal
magnetic field leads to an appreciable increase of the
output power of the Ar+ laser, there is a justified inter-
est in elucidating the physical processes that lead to
this effect, primarily in the dependence of the parame-
ters of the laser discharge plasma on the magnetic
field. In experiments carried out at FLAN, they inves-
tigated the influence of the magnetic field of the tem-
perature of the atoms ( T a ) and on the drift velocities
of the atoms and ions. The temperature was deter-
mined from the Doppler broadening of the spectral
lines, measured with the aid of a Fabry-Perot inter-
ferometer crossed with a diffraction spectrograph. The
optical system of the experimental setup is shown in
Fig. 25. When experiments are performed with a mag-
netic film, it is necessary to bear in mind that the
magnetic field leads to a splitting of the spectral lines.
Lines were therefore chosen, for which the g-factors
of the upper and lower states are equal; then a doublet
is observed along the field, and one of the components
of the doublets can be separated with the aid of an
achromatic quarter-wave plate (Fresnel prism) and a
Polaroid filter. The ion line chosen was λ 5145 A
(gi = g2 = 1.334). The preferred atom line was λ 4158 A,
whose g-factors are close to each other (gi = 1.420,
g2 = 1.506), and the fine structure of the Zeeman
splitting could be neglected within the limits of the
experimental error. The measurements were per-
formed in a magnetic field at an intensity close to op-
timal for generation, and equal to 700 Oe. The meas-
urements have shown that the temperatures of the
atoms, following application of the field, remains con-
stant and the longitudinal " temperature" of the ions
Ti decreases by not more than 10—15%, while the ion
and atom drift velocities decrease by approximately
10%, i.e., a magnetic field of 700 Oe does not change
these plasma parameters appreciably. On the other
hand, the intensity of the spontaneous-emission lines
of the argon atoms decreased by approximately one-
half, which clearly points to a change of T e and N e

.27 4, A IS ι, A

FIG. 23 FIG. 24

FIG. 23. Drift velocity of the atoms against the discharge current
for a tube of 2.8 mm diameter. Δ — p 0 = 0.12 Torr, X - p 0 = 0.36 Torr,
D - p 0 = 0.62 Torr.

FIG. 24. Drift velocity of the ions against the discharge current for
a tube of 2.8 mm diameter. • - p 0 = 0.62 Torr, Ο - p 0 = 0.36 Torr,
Δ - p o = 0.12 Torr.

Table V. Ionization rate ζ as a function of
the current density for a tube of 2.8 mm

diameter

A/cm2

100
160
200
240
300
330

ζ, 106 ioniz

Po = 0-21 Ton

From the
line shift

3,0
3.3
3.4
3.4
3.4
3.5

From

Te

2.6
2.8
3.0
3,3
3.4

ations/electron-sec-cm3

P0 = 0.37 Tort

From the
line shift

3.2
3.5
3.6
3.7
3.8
3.8

From

Te

2,5
2.8
2.9
3.2
3.3

Po = 0.6

From the
line shift

3.6
3. !l
4.2
4.3
4.2
4.1

Torr

From

Te

2,0
2.2
2 4
2.7
2,8

Magi

" β -
Fabry-Perot etalon

FIG. 25. Optical System of setup for investigations in a magnetic
field. M,, M2, M3 - mirrors, Mag - magnet, DT - discharge tube, PI -
quarter-wave plate, Pr - Polaroid filter, L,, L2 - objectives, S - slit of
UF-90 camera.

with increasing H. The following can be said concern-
ing these discharge parameters, which determine the
rate of pumping at the upper and lower laser levels:

When a magnetic field is applied to a discharge
satisfying the condition λϊ ~ r, according to J. Forrest
and R. Franklin [ 9 6 ], the rate of diffusion of the electrons
towards the wall decreases, leading to a decrease and
to a modification of the radial potential. As a result,
the rate of ionization and the electron temperature de-
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Table VI

δ
EC

0
185
300

'$

2.5
1.8
0.95

Γ

52
48
42

δ
S3

330
560
680

'is
-O

0.81
0.31
0.25

ο

41
35
33

crease. Table VI illustrates the dependence of Te and
of ζ on Η. The initial values of Te and ζ were
chosen to be the experimental data at Η = 0 for a
capillary with 2.8 mm diameter at p0 = 0.37 and
j =160 A/cm2, for which T a =1800°C and T e

= 52,000°K. The foregoing data were obtained by Yu.
A. Pekar and P. N. Zakharov in accordance with the
theory of Forrest and Franklin. It follows from Table
VI that when the magnetic field increases from zero to
680 Oe, the electron temperature decreases from
52,000 to 33,000°K.

The influence of the magnetic field on the operation
of the continuous argon ion laser was investigated ex-
perimentally in [ a 8 ] . The diameter of the capillary in
this investigation was 1—38 mm, the discharge current
was 5—20 A. When the magnetic field intensity was
increased from 0 to 700 Oe, the value of T e decreased
from 4 Χ 104 to 2.6 x 104°K. The concentration of the
electrons increase with increasing field. Estimates
were made of the populations of the laser levels. They
have shown that the inversion density depends on the
field nonmonotonically: there is a maximum in the
region 2—4 kOe.

As seen from the foregoing, the strong-current arc
discharge of the Ar+ laser has a number of peculiari-
ties and is difficult to understand. The presence of
large radial fields and the associated deviation from
isotropy and of the Maxwellian velocity distributions
of the ions and the electrons, the high gas temperature,
the forcing out of the gas from the capillary and its
transfer, the appreciable radial inhomogeneity of the
gas density, and also the fact that the particle mean
free paths are of the same order as the capillary
radius, all make it difficult to construct for such a
discharge a theory that is anywhere nearly complete.
Therefore, for quantitative description of the charac-
teristics of the discharge and of the processes leading
to the formation of inversion in Ar+ lasers, it becomes
necessary to use highly simplified models of the dis-
charge, for which calculations can be performed, and
to check the applicability of the chosen models by com-
paring the theoretical results with experiment. Among
the usually employed simplifications are neglect of the
radial inhomogeneity of the discharge, the assumption
that the electron energy distribution is Maxwellian,
the use of the results of the Langmuir-Tonks theory,
in spite of the fact that the condition λι ^> r is not
satisfied, and a number of others.

The material presented in this chapter shows that
considerable progress has been made in the study of
the gas discharge of an Ar+ laser without a magnetic
field. At the same time, the discharge with a magnetic
field, its main parameters, the concentration T e , and
the very mechanism of the action of the magnetic field

on the discharge, leading to an increase of the inver-
sion and of the output power of the Ar+ laser, have not
been investigated to a sufficient degree at all. For a
further experimental investigation of the parameters
of Ar+ laser discharge, particularly, in the presence
of a magnetic field, it is desirable to employ new
plasma-diagnostics methods, particularly microwave
methods.

VI. PROBABILITIES OF RADIATIVE TRANSITIONS
AND RATES OF ELECTRON EXCITATION OF THE
ARGON ION

The fundamental configuration 3p4 of the doubly-
charged argon ion corresponds to the terms 3 P, rS,
and *D. According to Hund's rule, the ground term of
Ar1 1 1 is 3 P, above which is located the term 'D,
followed by the term XS. Accordingly, the singly-
charged Ar Π ion will have three systems of terms
with the terms of the ionic residue 3 P, rS, and JD.
Since the principal generation transitions of a continu-
ous laser are transitions between the variables with
the ionic residue 3 P, we are interested only in this
group of levels. The possibility of considering pro-
cesses occurring between levels having one ionic
residue, neglecting the transitions between the system
of levels with different ionic residues, is due to the
fact that the probabilities of the transitions, both radi-
ative and electron-collision, between systems of terms
will be much less than the probabilities of transitions
within the confines of each system.

The ground configuration of Ar II is 3p5 with the
levels 2Pi/2,3/2. The upper laser configuration is 3p44p,
and the lower one is 3p44s. The excited configurations
3p3nZ of Ar^ correspond to doublet and quartet terms.
Belonging to the configuration 3p44s are the levels
2Pi/2,3/2 and 4Pi/2,3/2,5/2, and to the configuration
3p44p a r e the levels 2S!/2, 2Pi/2,3/2, 2D 3/ 2, 5/2, and
4 S 3 / 2 , 4 P ! / 2 s/2 5/2,4Di/2,3/2,5/2,7/2. Figure 26 shows the
energy scheme of the configurations of Ar II. The
numbers at the arrows between the configurations give
the average values of the radiative probabilities of the
transitions, calculated by Statz et al . [ 3 7 ] , with the

dycm

FIG. 26. Diagram of electronic configuration of the argon ion. The
numbers at the arrows designate the radiative probabilities of the trans-
itions in units of 108 sec'1.
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values of the probabilities of the transition to the main
configuration, corrected by P. L. Rubin [ 9 8 ]*. The spin
forbiddenness for radiative transitions from the
quartet term 3p44s4P to the ground doublet term is not
rigorous, since for this configuration the LS coupling
is valid only approximately' . However, the probabil-
ity of transitions from 4s 4 P to the ground state is
smaller by two orders of magnitude than the transition
probability shown in Fig. 26 for 4s 2 P. Nor is the spin
forbiddenness fulfilled for transitions between excited
configurations, but the probabilities of the transitions
between the quartet and doublet excited configurations
is smaller by one order of magnitude than within the
confines of each of the group of levels of one multipo-
larity [ 3 7 1. Violation of the selection rule with respect
to spin indicates, as noted above, that the probabilities
of the transitions between the excited levels of Ar II
cannot be calculated in the LS coupling approximation.
It is necessary to use an intermediate type of coupling,
as was done by Statz et al . [ 3 7 ] , and later by H.
Marantz [ 9 9 ] in the calculation of the probabilities of the
transitions both between the doublet and quartet levels,
and for the intercombination transitions between them.
A comparison of these calculations of the experimental
data has shown a perfectly satisfactory agreement
between theory and experiment137'100^. Since we shall
need in the subsequent discussion only the average
probabilities of the transitions between the configura-
tions (and not between the levels), we confine ourselves
to the average transition probabilities given in Fig. 26
for configurations onlyt. As seen from Fig. 26, the
probabilities of the transitions from the configurations
3d, 4s, 4d, to the ground configuration are equal re-
spectively to 120, 26, and 36 (in units of 108 sec" 1).
These values pertain, of course, to transitions from
the doublet levels. The probabilities of the 4p — 4s
and 4d — 4p transitions are equal to 1 and 2.4 (in
units of 108 sec"1), and are the same both between
quartet and between doublet levels. We emphasize that
the corrected values for the transition probabilities
4s — 3p are in good agreement with the results of
Bennett;851, who measured the Lorentz width of the
λ 4880 A line and found that it is five times larger than
the value expected for the natural width in the case of
the 4s — 3p transition probability given in [ 3 7 ] . The
cross sections a e for the excitation of Ar Π by elec-
tron impact were calculated numerically'106-1 in the
Born-Coulomb approximation, in which the external
electron is described by Coulomb functions of the con-
tinuous spectrum. In this approximation, the effective
cross section for the excitation of the configuration

Table VII. Values of (vea^ (in units of 1ΟΓ10

cm3/sec) for the configurations of Ar+

"There are a number of misprints in the article of Statz et al., who
calculated for the first time the probabilities of the Ar II transitions. In
the caption of Fig. 1 of this article it is indicated that the probabilities
of the transitions are in units of 107 sec"1. Actually they are expressed
in units of 108 sec"1. A value of 2.4 X 107 sec"1 is then given for the prob-
ability of the 3d -» 3p transition, whereas the correct value is 24 X
10* sec"1. Finally, for all transitions to the ground state, the transition
probabilities are underestimated by a factor of 5, since the authors have
left out the factor 5 connected with the number of equivalent electrons.
Our Fig. 26 incorporates all the corrections, which have been reconciled
with Statz's data.

tThe transition probabilities, the level life-times, and the excitation
cross sections of Aril are dealt also in [101-105]

^ ^ T e , 104 °K

^ \ ^ ^

Transition \ ^

3p — 4p
3p — id
3p —4d
3 ρ — 5rf
3p - is
3 p — bs
:\d - 4 ρ
'is — 'ip
4s — 3 d

• 2

4 7-ICr3

0 ilH-lO"1

0.H7-10"3

9.3-102

3-103

8.2-102

3

0.18
3.0
0.078
0.0047
0.23
0 003

1900
4800

—

5

3 0
44

2.4
0.22
2.7
0 10

2000
6600

—

8

14
190

16
1.8

11
0 02

2000
7700

10

23
300

2S
3 i

17
[I

1000
800O

—

does not depend on the coupling scheme of the atomic
electrons. Semiempirical radial functions'1071 were
used in the calculations. The calculation of the cross
sections between the individual levels of the configura-
tions was not carried out, since it requires in the case
of Ar Π the use of an intermediate coupling scheme,
which is a very laborious task. In Table VII are given
values of ( v e a e ) of the rate of excitation ar Ar Π
from the ground to the excited states, calculated for
one electron and one ion. ( Ve^e ) denotes the averaging
of the cross sections a e over the Maxwellian distribu-
tion of the velocities v e . The values of ( v e a e ) listed
in the table pertain to all three ( 3 P, XD, and 1S) ionic
residues. The group of terms connected with the
ionic residue 3 P corresponds to the value equal to 3/5

of ( νΘσΘ ) listed in Table VII. As seen from the table,
at temperatures from 33,000° to 100,000°K the rates of
population from the ground state of the configurations
3p44s, 3p44p, and 3p44d are practically the same and
increase in the indicated limits from 10~n to 10~9

cm3/sec. A very sharp decrease of ( v e a e ) (by almost
two orders of magnitude) is observed for these transi-
tions when the temperature is decreased from 30,000
to 20,000°K. The rate of population from the ground
state of the configurations 3p43d is higher by one
order of magnitude, and that of the 5s and 5d configura-
tions is smaller by one order of magnitude or even two
orders of magnitude than ( v e a e > for the configurations
4s, 4p, and 4d. The rates of excitation of the laser
configuration 4p from the configurations 3d and 4s is
of the order of 10"7 and is practically independent of
the temperature, as is also the case for ( ν θ σ θ ) for the
4s — 3d transition.

VII. MECHANISM OF FORMATION OF INVERTED
POPULATION

Let us consider the role of different processes in
the creation of the inverted population in Ar+ lasers.
In Table VIII are given the results of the calculation
of the rates of pumping and populations of the configura-
tions of Ar II at three pressures of Ar and at two cur-
rent densities, for which experimental values of Ne
and T e are available for a discharge in a capillary of
2.8 mm diameter, and given in the third column of the
table. In the next two columns are given the pumping
rates of the configurations 4s and 4p (or only of
doublet terms with atomic residue 3P) from the ground
configuration 3p5 of Ar II. The calculation was car-
ried out for each regime by multiplying Ng by the
values of ( ve<7e ) obtained by interpolation from the
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Po.

Torr

0.21

0.37

0.62

i,
A/cm2

160

330

160

330

160

330

τ ίο4°K;

Γ β = 5.6,

7 e = 5.2,

#,, = 5.2

iVe=14.4

.IV,, = 13

Pumping rate, 1 0 " c m " 3 s e

3ρ->·4β

1-7

7

5,2

23

4,6

61

3p-> 4p

2.4

10.8

5.8

31.6

4.0

99.0

0.14

0.91

0.36

2.7

0.10

6.2

Table

3p -> 3d -> 4 p

0.02

0.06

0.29

0.90

3.06

35

VIII

Total pumping rate,
10 1 7 cm"3 sec"1

4p

2.6

11.8

6.5

35.2

7.1

141

4s

4.3

18.8

11 7

58.2

11.8

202

Population of
configuration,

10' cm"3

ip

2.0

8.3

4.7

25.6

2.9

80.3

4s

0.12

0.66

0.42

2.0

1.6

15 4

Population of
doublet system per

USW, 108 cm"3

4 Ρ

1.1

4.6

2.6

14.2

1.6

44.6

4s

0.2

1.1

0.7

3.3

2.6

25.6

Inversion
per USW,
108 cm"3

0.9

3.5

1 9

10.9

— 1.0

19.0

values of (v e t f e ) given in Table VII. As seen from
Table VIII, in all the regimes the pumping rates in the
4s and 4p configuration from the ground state are
practically the same and lie in the range from 1017 to
1019 cm' 3 sec"1. The rate of pumping due to the 3p
— 4d — 4p cascade process amounts to not more than
9% of the pumping into the configuration 4p from the
ground state. It is listed in the fifth column and was
calculated in accordance with the expression 0.060
N | ( veae )3p-~ «d> where the coefficient 0.060 is equal
to the ratio of the radiative probability of the
4d — 4p transition (2.3 x 108 sec"1) to the sum of the
probabilities of the transitions 4d — 4p and 4d -— 3p
(see Fig. 26). The rate of pumping into the 4p con-
figuration as a result of the 3p — 3d — 4p stepwise
process was calculated by starting from the population
of the configuration 3d, and determined by pumping
from the ground state and by radiative decay, with
allowance for the dragging of the radiation, which
leads to an increase of the lifetime of the level. Ac-
cording to the theory developed in the papers of L. M.
BibermanC l 0 8 ] and T. Holstein [ 1 0 9 1, for a cylindrical
volume of radius R and an optically thick layer, the
radiative rate of deactivation of the level decreases by
a factor g"1 in comparison with the natural rate, with

g = 1.60/K0R [π In (Κοϋ)]< (16)

where Ko is the absorption coefficient at the center of
the Doppler-broadened line. Calculation by means of
this formula have shown that at an argon-ion concen-
tration on the order of 10" cm"3 the lifetime of the 3d
configuration increases by 14-18 times, a fact ac-
counted for in Table VIII.

Knowing the population of the 3d configuration, it
is possible to determine the 3d — 4p pumping rate.
It is equal to N3dNe( ν β σ θ )3d— ap. As seen from the
sixth column of Table VIII, the contribution made to the

pumping to the 4p configuration by process 3p —
3d — 4p does not exceed 5% of the pumping from the
ground state at pressures p 0 = 0.21—0.37 Torr, and
becomes comparable with the pumping from the ground
state at p0 = 0.6 Torr. The contribution due to the
radiative cascades from configurations 5s, 6 s , . . . and
5d, 6 d , . . . was not taken into account in Table VIII,
since the value of ( ν β σ 8 ) for the population of these
configurations from the ground state is much smaller
than for the processes considered above.

Table VIII gives also the total rates of pumping into
the configurations 4p and 4s and their populations.
The rate of pumping to the 4s configuration is always
higher than to the 4p configuration. This is natural,
since radiative cascades from the 4p configuration
goes to the 4s configuration in addition to the electron
pumping from the 3p configuration. In calculation the
population of the 4s configuration, just as in the case
of the 3d configuration, account was taken of the
dragging of the radiation, which becomes appreciable
when N e > 10" cm"3.

In calculating the population of the 4p configuration,
besides the radiation 4p — 4s transition, account was
taken of the electron deactivation of this configuration
as a result of the transitions 4p — 3d and 4p — 4s.
At electron concentrations on the order of 10" cm"3,
up to 28% of the transitions were due to collisions with
electrons. Thus, an electron concentration on the or-
der of 10" cm" 3 is critical. At this concentration, de-
struction of the inversion begins as a result of electron
collisions and dragging of the radiation.

Returning to Table VIII, we see that in spite of the
fact that the rate of pumping into the 4s configuration
is always higher than into the 4p configuration, its
population is always lower than that of 4p, in view of
the much higher rate of radiative decay of the first
configuration compared with the second. This occurs
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even when a decrease occurs in the rate of radiative
decay as a result of dragging of the radiation. It is
also seen from the table that the population of the
configuration 4p reaches almost 1011 cm"3.

An important factor, in estimating the degree of
activity of a laser medium from its gain is, of course,
not the population of the configurations of the levels,
but the populations per unit statistical weight (USW).
Before we consider these data, we should make two
remarks. First, in connection with the fact that the
degree of deviation of the excitation of the states of
the configurations of Ar Π from the LS coupling is
small [ 3 7 1, the values of ( v e c e } and the pumping rates
given in Table VII pertain to the doublet system of
terms. In the LS-coupling approximation, the quartet
system of levels will be populated much less intensely,
and only as a result of exchange interaction. Thus, we
have every reason for assuming that the data listed in
Table VII pertain to the doublet system of terms*.
Second, to estimate the populations of the levels of
configurations 4s and 4p per unit statistical weight
we must know how the populations listed in the table
will be distributed among the levels of these configura-
tions. In view of the lack of these data, we make the
most natural assumption that the distribution of the
populations among the levels within the configurations
is proportional to the statistical weights. Under these
two assumptions, the populations and the inversion per
unit statistical weight were calculated for the 4s and
4p configurations (the statistical rate of the doublet
system of the terms of the 4s configuration is 6, and
for the 4p configuration it is equal to 18).

We shall now discuss the results listed in the table
and compare them with experiment. As seen from the
table, the electron temperature increases with increas-
ing current density at all pressures, leading to an in-
crease in the pumping rate and in the inversion density.
In Table IX are given the experimental data on the pop-
ulation of the 4p configuration as obtained from three
published papers ' 8 7 ' 1 1 0 ' 1 1 1 1 . The measurements were
made in a discharge tube of 2 mm diameter. Data on
the level populations of the 4p configuration were ob-
tained from measurements of the absolute intensities
of the lines that begin from the levels of this configura-
tion. The theoretical values of the populations were
obtained by linear interpolation between the data of
Table VIII.

Table IX. Populations of 4p (and
4s) configuration

Discharge
param-
eters

T
o

rr

& ~

220
ltiO
160

Population per USW

Experiment

( 2 . 5 - 2 , 7 ) . 10»
(2—3)· 10s

(4—8) - 10s

5-108 [Is]

Theory

2.5-108
1.3-lU*

3- 1(18
0.7-108 (4s)

ω

111

87

11U

110

Table X gives a comparison of the calculated values
and of the experimental values (measured i n

[ 1 1 0 > 1 1 4 ] as
well as at FIAN) of the inversion between the 4p2D5/2

and 4s 2 P 3 / 2 levels. As seen from Tables IX and X,
the agreement between the calculated and experimental
values is satisfactory if account is taken of the very
crude assumption that the distribution of the popula-
tion among the levels of the configuration is propor-
tional to the atomic statistical weights, of the inevita-
ble experimental errors*, and of the somewhat differ-
ent experimental conditions. More reliable calculations
can be made only after calculating the values of
( v e a e ) for the levels. We now compare the attainable
pumping rates (according to the calculations) with the
experimentally observed output powers. The highest
specific power attained with an Ar+ laser of continu-
ous action (without a magnetic field) is 1 W/cm3. Such
an output power requires a pumping rate of 2 x 1018

cm3/sec. It is seen from Table VIII that at an optimal
pressure 0.37 Torr) and at j =330 A/cm2, the calcu-
lated pumping rate even exceeds that necessary to ob-
tain the highest powers, Thus, at the plasma parame-
ters used by us, the considered processes pump the
working levels of the Ar+ laser with an adequate mar-
gin. The situation is different if we assume, in accord-
ance with [83>871, a plasma temperature ~20,000°K. In
this case ( v e a e ) for the 3p — 4p transition is equal
to 4.7 x 10~13 cm3/sec. At this value of { veae ) 3 p - , 4 p ,
to ensure the pumping rates 1018 cm3/sec necessary to
obtain specific generation powers of lW/cm3, the
charged-particle concentrations must exceed 1015 cm"3,
i.e., much higher than the limiting concentration at
which the population inversion is destroyed both as a
result of electron collisions and as a result of dragging
of the radiation. It therefore follows inevitably that the
electron temperature of the Ar+ laser plasma exceeds
20,000°K. Summarizing the results of the experiments
and the calculations, it should be noted that the dis-
cussed mechanism of the Ar+ laser operation appar-
ently describes the situation correctly. The main pro-
cess of pumping to the upper laser configuration is the
electronic process of the population from the ground
state of the ion, namely 3p — 4p with addition of the
cascade excitation 3p — 4d — 4p and the stepwise
excitation 3p — 3d — 4p. The main process ensuring
deactivation of the lower laser configuration is the
radiative transition 4s — 3p.

We note that the further development and refinement
of the mechanism of inversion production in Ar+ lasers
are connected primarily with calculations of the elec-
tron cross sections for the excitation of individual
levels. One can expect the roles of the cascades and
of the stepwise excitation to increase for the individ-
ual transitions. This pertains first of all to the
4p2D5/2 — 4 s 2 P 3 / 2 transition (λ 4880 A), which makes
the maximum contribution to the generation, since the
largest part of the radiative transitions from the con-

*According to estimates, the electronic cross section for the excita-
tion of quartet levels from the ground state of Ar II are smaller by a
factor of 5 - 10 than for the doublet levels.

*In addition to populations of the levels of the 4p configuration,
R. Rudko and S. Tang [ u o] determined, from the gain, the population
per unit atomic weight of the levels of the 4s configurations. It turned
out to be equal to 5 X 10s cm"3 and differed greatly from the theoreti-
cal value 0.5 Χ 108. One cannot exclude the possibility that this dis-
crepancy is connected with an experimental error.
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Table X. Inversion per USW, 108 cm"3.

Ton

0.2
0.3
1.0

i = '"" A/cm2

Calcu-
lation

0.75
1.35

Experiment

0 •' smm
(FIAN)

0 2.0mm
1 1 1 )

2.5

; = 2 O 0 A / c m

2

Calcu-
lation

1.6

Experiment

0 :l. 8 mm
(FIAN)

2.7
3.7
0.9

0 2 5 mm
Hi

6.3

j = 27u A/cm2

Calcu-
lation

2.6
4,5

Experiment

0 2. s mm
(FIAN)

5. 1
6.3
4.'..'

0 2.5mm
114

9.8

figuration 4d goes to this level, just as the largest
part of the transitions from the metastable level
3d 2F 7/ 2 also goes to this level. Special attention must
be paid to the clarification of the role of the meta-
stable levels in the population of the laser levels. It is
possible that this may be precisely the reason why the
calculated values of the population inversion are sys-
tematically lower than the experimental ones (see
Tables IX and X).

So far we have discussed the operating mechanism
of the Ar+ laser without a magnetic field. In view of
the lack of reliable data on the parameters of the
plasma in the magnetic field, the influence of the mag-
netic field on the operation of the laser will be dis-
cussed only qualitatively, using as an example a dis-
charge in a capillary of 2.8 mm diameter at p 0 = 0.37
Torr and j =160 A/sec2. As is seen from Table VI,
when the magnetic field increases from 0 to 700 G, the
electron temperature decreases from 52,000 to
33,000°K, which leads, in accordance with interpolation
of the data of Table VII, to a decrease in the pumping
rate by an approximate factor of 10. Experiment shows
that in spite of the decreased excitation rate, the in-
tensity of the spontaneous emission of the Ar II lines
doubles when the magnetic field increases from 0 to
700 G. This means that Ne should increase at least
by a factor of 4.5 (account must be taken of the quad-
ratic dependence of the pumping rate on the concentra-
tion of the charged particles).

It is not excluded that an appreciable role in the
growth of the intensity of the spontaneous emission (and
also in the stimulated emission) of the Ar II lines is
played by the change in the distribution of the charged
particles over the cross section of the discharge. It is
obvious that narrowing of the distribution curve of the
charged particles leads to an increase in the pumping
rate in the near-axial sections of the discharge, which
contribute most to the generation. If we accept the
hypothesis, which is confirmed by [ 8 7 ' 1 1 2 ' 1 1 3 ], that the
temperature decreases and the charged-particle con-
centration increases with increasing intensity, then the
existence of a magnetic field that is optimal from the
point of view of the generation power becomes under-
standable.

In fact, the increase of the magnetic field plays a
favorable role in the pumping only so long as the as-
sociated decrease of the electron temperature, which
leads to a sharp decrease of the pumping rate ( v e a e ),
is more than offset by the increase of the electron
density on the discharge axis. At a sufficiently high
magnetic field intensity, obviously, there will be no
such compensation and then the magnetic field will
play an unfavorable role. An important role in the

existence of the optimal magnetic field is apprently
played also by the dragging of the radiation, the im-
portance of which increases with increasing magnetic
field, since the concentration of the charged particles
increases. The major role played by the dragging of
the radiation in the existence of an optimal magnetic
field is evidenced by the experiments of Gorog and
Spong[42]. The decrease of the generation power in mag-
netic fields larger than optimal can hardly be attributed
to the occurrence of instabilities and the resultant in-
crease of the interaction between the discharge and the
walls. If this effect were to play any role, then an ap-
preciable growth of the longitudinal electric field in-
tensity would be observed with increasing magnetic
field; this did not occur.

The foregoing demonstrates the unsatisfactory situ-
ation in the understanding of the operation of the Ar+

laser in a magnetic field, and the need for organizing
experiments aimed in particular at clarifying the in-
fluence of the magnetic field on the temperature and
concentration of the electrons and of their radial dis-
tribution.

VIII. FREQUENCY SPECTRA OF LONGITUDINAL
MODES IN AN ARGON ION LASER

The first to investigate the frequency spectrum of
the longitudinal modes of Ar+

 olasers were W. Rigrod
and T. Bridges [ 1 1 5 ] at λ 4880 A. They used a scanning
Fabry-Perot interferometer 2.5 cm thick with a reso-
lution limit of 30 MHz. They investigated the funda-
mental transverse mode TEM00, while the higher modes
were suppressed by means of a diaphragm. It was ob-
served that a generation spectrum with stable ampli-
tudes is obtained only near the threshold of the line
excitation. A characteristic feature of this spectrum
is the increased interval between the generation fre-
quencies, amounting to several frequency intervals of
the resonator c/2L (L—resonator length, c—speed of
light). When the discharge current increases above a
certain critical value, the character of the generation
changes abruptly, and generation of unstable amplitude
sets in at all the resonant frequencies. Distinct max-
ima were observed in the envelope of the amplitudes of
the unstable-generation spectrum.

Figure 27 shows time-scan photographs of the un-
stable-generation duration in the longitudinal modes
ranges from 1 to 5 Msec. It decreases with increasing
discharge current and with increasing resonator Q.
The total generation power at all frequencies remains
constant in time, and all that occurs is a redistribution
of the power among the oscillations modes. The dis-
tance between the simultaneous degenerated frequen-
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FIG. 27. Spectrum of longitudinal modes with a time sweep, in the
case of 4880 A generation of an Ar laser without a magnetic field
(TEMoomode) [ I 1 6 ] . a) Transition from stable generation at two fre-
quencies to unstable generation of the residual pulsations of the recti-
fied current; discharge current i = 4 A. b) Unstable generation at a cur-
rent i = 10 A. c) Section of the spectrum near the center of the line at a
large sweep rate: i = 10 A. The length of the laser capillary is 23 cm, the
inside diameter is 2 mm, the pressure is p 0 = 0.3 Torr, the resonator
length is L = 1 m, the thickness of the Fabry-Perot interferometer is
2 cm.

cies amounts, as a rule, to several times c/2L. In all
other respects, the spectrum fluctuations have a ran-
dom character. An analogous picture of frequency
fluctuation was observed at λ 5145 A. The total width
of the generation spectrum at λ 4880 A, at a current
of 10 A, reached 9 GHz. The much larger spectral
width, compared with the He-Ne laser, is attributed to
the broader Doppler line and to the higher excess gain
(excess of gain over resonator loss).

The characteristic features of the frequency spec-
trum of the Ar* laser, namely the spreading of the f
spectrum in the near-threshold region and the unstable
generation at higher excitation levels, are determined
by the competition between the longitudinal modes.
This competition occurs because at the customary em-
ployed resonator lengths the widths of the dips produced
in the amplification contour by the individual modes
exceeds the intermode resonator interval c/2L, owing
to the large Lorentz line width Av^ of the working
transitions, which, according to 1 8 1 1 , amounts to 500
MHz. For this reason, in particular, the interval be-
tween the frequencies of the stable generation in the
region of the threshold currents does not depend on
the length of the resonator and corresponds approxi-
mately to the quantity Δνχ}116^. Both the spreading of
the spectrum and the unstable generation are observed
also in He-Ne lasers on λ 6328 A, but there they oc-
cur only at large resonator lengths [ 1 1 6"1 1 8 ]. This differ-
ence is due to the smaller Lorentz width of the Ne

The described results were obtained with an Ar+

laser without a magnetic field. Superposition of an
external magnetic field, as shown in [ 1 2 0 ] , shifts the
limit of unstable generation towards larger discharge
current. In [ 1 2 1 ] , in the present of the magnetic field of
425 Oe, a stable two-mode spectrum at λ 4880 A is
observed up to a radiation density 11 W/cm2 inside the
resonator* (Fig. 28). The frequency interval between
the modes, equal to cn/2L, where η is an integer, in-
creases with increasing power, and furthermore in
such a way that η is linearly dependent on the ampli-
tude of the electric field in the resonator. The authors
assume that as a result of the nonlinear interaction in
the amplifying medium, the generated modes are
"linked" in phase. In this case, the output laser signal
constitutes a sequence of sinusoidal beats with a repe-
tition period Τ =2L/nc. The experimentally deter-
mined amplitude of the pulses inside the resonator
turn out to be much smaller than the amplitude of the
"π pulses " t , determined from the relation

1ίμ,?τ h .τ; (17)

Here Ε is the (average) amplitude of the field in the
pulse, τ is the pulse duration, and μΧ 2 is the matrix
element of the dipole moment of the transition (it was
assumed in the calculation that τ = T/2).

The foregoing experimental results agree qualita-
tively with the theoretical calculations of the mode-
locking regime at a high excitation level1-122]. This
calculations shows that with increasing excitation
level there should occur an increase of the pulse repe-
tition frequency (an increase of n). The amplitudes of
the pulses also increases, but no "IT pulses" are
realized in the presence of relaxation of the medium.
We note that neglect of relaxation of the medium within
the Ar+ laser pulse time τ is in general impossible,
owing to the very small lifetime of the lower working
levels (see Ch. VI). Indeed, the minimum value of τ is
connected with the bandwidth Aug of the excess gain
by the relation Tmin = l/Afg. Assuming Δι-g ~ 104

MHz [ U 6 ] , we obtain T m i n ~ 10"10 sec, which is com-
parable with the lifetime of the lower levels. It is in-
teresting to note that in an He-Ne laser (λ 6328 A), the
self-locking regime is satisfactorily described by the
theory of "ττ pulses," owing to the much lower relaxa-
tion rates of the working levels in this type of laser [ U 8 ] .

The shortest pulses, obtained in'-121-' at a radiation
density ~ 11 W/cm2 inside the resonator, had a dura-
tion ~0.5 nsec. Further increase of the power, insofar
as can be judged from the mode-beat spectra given
in^21-1, led to the appearance of unstable generation.
At a radiation density 15 W/cm2, the previously sharp
peaks of the mode beats became strongly broadened.
Their width reached ~ 500 kHz, in qualitative agree-
ment with the frequency of the amplitude fluctuations
of the unstable-generation modes observed in1-1161.

Direct observation of periodic pulsations in the

*By radiation density inside the resonator we mean henceforth the
sum of the powers of the forward and backward waves per unit cross
section of the beam.

t Pulses which would lead, in the absence of relaxation of the me-
dium, to a change of the sign of the inversion of the working levels.
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FIG. 28. Stable two-mode spectrum of Ar+ laser at λ 4880 A [121 ].
Capillary of diameter 3 mm and length 25 cm, current i = 30 A, H =
425 Oe. Resonator length L = 180 cm, internal radiation density I =
8 W/cm2.

FIG. 29. Puslation in output radiation of an Ar+ laser [ 1 2 3 a ] . 4880 A
line, resonator length L = 63 cm, capillary diameter 2.5 mm and length
2.5 cm, current 6 A, magnetic field Η = 500 Oe. The frequency scale on
the abscissa axis 2 nsec/div.

output signal of an Ar+ laser, with repetition frequen-
cies c/2L and 2c/2L was reported in' 1 2 3 a^ and serves
as direct proof of the feasibility of mode locking in
this type of laser. The width of the pulses was 0.5 nsec
at a repetition period of 4.2 nsec (Fig. 29). It can
therefore be concluded that several longitudinal modes
took part in the synchronization.

It is natural to propose that the stable generation
spectrum observed in*115, l ie, ia°] a t moderate excitation
levels is the result of mode locking. When the excita-
tion level increases above a certain critical value, the
locking gives way to the free-generation regime, in
which the amplitude and phases of the modes fluctu-
ated randomly. The theory of the self-locking regime,
developed in [ 1 X 8 ] as applied to He-Ne lasers, predicts
that at sufficiently high excitation levels continuous
generation of modes that are not coupled in phase en-
sures a more effective utilization of the inversion of
the medium and accordingly gives a larger average
generation power than the self-locking regime. Under
these conditions, self-locking cannot be stable and
gives way to continuous generation. Apparently, the
same should be expected also in Ar+ lasers. The
broadening of the region of stable generation in a laser
with a magnetic field may be connected both with the
enhancement of the interaction of the mode as a result
of the growth of the homogeneous line width, and with
the general broadening of the line contour.

For an experimental verification of this assumption,
it is necessary to investigate simultaneously both the

mode spectrum of the laser and the pulsations of its
output signal. Unfortunately, such investigations have
not been performed as yet for Ar+ lasers. The behav-
ior ofoa stable two-mode spectrum at λ 4880 and
5145 A with changing magnetic field intensity, up to
Η = 3500 Oe, was investigated i n f l 2 3 b ] . It was found
that the interval between the modes increases with in-
creasing field, and, starting with Η ~ 1000 Oe, it cor-
responds to the value of the Zeeman splitting of the
σ components.

In concluding this chapter, we note that the fluctua-
tions of the frequency spectrum of unstable generation
may be a serious additional source of noise in the
emission of multimode Ar+ lasers.

DC. SINGLE-FREQUENCY LASERS

In many applications of argon ion lasers, for exam-
ple in communication systems, holography, physical
investigations of the scattering of light, and others, it
is desirable to have single-frequency lasers capable of
generating a single longitudinal mode.*

The axial-mode selection methods developed for
He-Ne lasers, are in the main suitable also for Ar*
lasers. However, owing to the appreciable amplifi-
cation line width in the Ar* laser, additional difficul-
ties arise in the mode selection. For this reason, in
particular, no use is made of the method of simply
shortening the resonator length [ 1 2 e ]. On the other hand,
the large Lorentz line width is favorable to mode
selection. We shall consider below different methods
of realizing a single-frequency regime in an Ar* laser.

The first report of successful single-frequency
generation in Ar* lasers was that of P. Zory [ 1 2 7 ] . He
used as the selecting element an additional resonator
with a large separation of the natural frequencies, in
accordance with a scheme previously used by P. Smith
for He-Ne lasers [ 1 2 9 ] . Zory's setup is shown in Fig. 30.
The additional resonator was made up of flat mirrors
Mi, M2, M3, with Mi and M 2 having a high reflection
coefficient, while M2, for which the coupling with the
main resonator was effective, was semitransparent.
The output mirror M4, with a radius of curvature 2
meters, had a transmission of 9% for λ 4880 and
5145 A. The optical path between the mirrors Mi and
M2 was 2.12 cm. The length of the main resonator Mi,

FIG. 30. Diagram of single-frequency Ar+ laser with additional reso-
nator [ 1 2 7 ] . 1 - Discharge tube, 2 - prism, 3 - piezeoceramic block,
Mj, M2, M3, M4 - resonator mirrors.

*We shall not touch upon the question of the selection of the wave-
lengths corresponding to different Ar II transitions. This selection is at-
tained best by placing a dispersive prism in the resonator [1 2 4 ]. Devices have
also been developed, which make it possible to "switch over" rapidly to
the generation wavelength [ 1 2 5 ] . Nor will we deal with the selection of
transverse modes.
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M4 was 1 meter. The mirror M3 was mounted on a
piezoceramic block, which made it possible to tune the
working frequency of the laser to the central part of
the amplification line. To separate the wavelength of
the working transition, a prism was placed in the reso-
nator. A tube was used with a quartz capillary having
an inside diameter 2 mm and a length 15 cm. The dis-
charge current was 15 A at a pressure 0.5 Torr.

The action of Smith's three-mirror resonator is
equivalent to the action of a mirror with a complex
amplitude reflection coefficient'-129-'

(18)e 1—r|rir 3exp(—ϊφ) '

where r 1 ; r 2, and r 3 are the reflection coefficients of
the mirrors Mi, M2 ) and M3, t 2 is the transmission of
the mirror M2 (maximum values), Φι =4π1·1/λ,
Φ = 4i7(Li + L2)/\ (see Fig. 30). An analysis of (18)
shows that the maxima of the reflection of the Smith
resonator are analogous in shape and width to the
maxima of the reflection of the plates R F P = R2 and
the internal absorption, which are characterized by a
transparency τ ρ Ρ = VRXR3 (Ri, R2, and R3 are the
power reflection coefficients of the mirrors). The
distance between successive maxima on the frequency
scale is Δν = c/2 (Li +L 2 ) , and the width of the max-
ima (at half-power level) amounts to

8v = Δν ( 1 - (19)

The large width of the region of excess gain of the
lines in Ar+ lasers leads to the need for using addi-
tional resonators with an increased separation of the
natural frequencies, Av, compared with the He-Ne
laser, although this is not favorable from the point of
view of mode selection. In the cited paper'1 2 7 1, it was
assumed that Δι/ = 7000 MHz. As to the widths of the
maxima, it apparently suffices for them not to exceed
the width of the dip produced in the amplification line
by the generated mode' 1 2 8 1. In Ar+ lasers, the latter
can reach 1000 MHz and more. Substituting in (19)
δι; = 7000 MHz, R2 = 0.6, and Rx = R3 = 1, we get bv
= 1100 MHz. An increase of the reflection coefficient
of the splitting mirror increases the selecting ability
of Smith's resonator. We note that in all cases of
axial-mode selection it is essential to suppress the
higher transverse mode.

A residual generation power of 130 mW at
λ 4880 A and 120 mW at λ 5145 A was reached in [ 1 Z 7 ] .
The loss introduced by the Smith resonator was 6%. In
a two-mirror resonator with identical value of the loss,
the output power through the mirror M4, in the same
lines, amounted to 250 and 140 mW. However, when the
Smith resonator is replaced by a high-reflectivity
mirror, the corresponding figures increase to 490 and
330 mW. We see therefore that an important role is
played in the lowering of the power of the single-fre-
quency generation, compared with the multi-frequency
generation, not so much by the narrowing of the genera-
tion spectrum and the associated decrease of the effec-
tiveness of utilization of the inversion of the medium,
as by the introduction of additional losses resulting
from making the resonator more complicated.

The question of the ratio of the powers of the single-
particle and many-particle generation was investigated

theoretically and experimentally1-130 1 3 2 1. It was shown
that in the ideal case, i.e., without account taken of the
losses introduced by the additional resonator, it is
possible to use in the single-frequency regime 60—70%
or more of the power that the medium is capable of
delivering in the multifrequency regime. This ques-
tion will be considered in greater detail in the next
chapter.

The same method was used in'-132-' to obtain the out-
put power, 0.52 W, at one frequency λ 4880 A. The
laser had a discharge tube with inside diameter 3 mm
and length 46 cm, and operated with an external mag-
netic field of 1100 Oe. The indicated power was reached
at a discharge current 35 A. The magnetic field did not
introduce any appreciable complications in this method,
for in the presence of Brewster windows the degree of
ellipticity of the polarized laser radiation is very
small' 1 3 3 1. Production of single-frequency power of
2 W by an Ar+ laser was reported i n [ 1 3 4 a ] . I n [ 1 3 4 b l it
was proposed to use a confocal resonator with an in-
clined axis as the additional resonator.

A serious and still and unresolved problem in this
type of laser is the stabilization of the tuning of the
additional resonator relative to the contour of the am-
plication line. The compact dimensions of the addi-
tional resonator facilitate the use of methods of pas-
sive stabilization. Thus, for example, in [ 1 3 5 ] , to in-
crease the mechanical stiffness of the system, it was
proposed to use as the additional resonator a quartz
prism with reflecting coating deposited on its faces.
A shortcoming of the prism is the need for its thermal
stabilization. The temperature drift of the prism-
resonator frequency, due to the dependence of the re-
fractive index of the quartz on the temperature, amounts
in accordance with the authors of'1351 to approximately
4700 MHz per degree C. Allowance must also be made
for the possibility of thermal self-focusing of the radi-
ation inside the prism.

Another no less complicated problem is the stabili-
zation of the length of the main resonator relative to
the length of the additional resonator. This problem is
in many respects common to single-frequency and
multi-frequency lasers, but it should be borne in mind
that in the described single-frequency laser scheme
the fluctuation of the main resonator leads to a change
not only of the frequency but also of the amplitude of
the output signal'129-1. The indicated feature of the
single-frequancy laser can be used to produce an error
signal in the automatic frequency control system that
regulates the length of the main resonator. Such a
system was realized so far only for a single-frequency
He-Ne laser [ 1 2 9 ] .

L. Osterink and R. Targ [ 1 3 6 ] used a method of
separating monochromatic radiation from frequency
modulated (FM) spectrum of an Ar+ laser. This method
was earlier used in He-Ne lasers ' 1 3 7 1 . A schematic
diagram of the method is shown in Fig. 31. The depth
of modulation of the phase Γ in the FM signal of the
laser is determined by the relation'1 3 8 1

Γ --- (δ/π) (ΔΩ/Δω), (20)

wgere Δω = wm - ΔΩ is the deviation of the modula-
tion frequency u>m relative to the distance between the
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FIG. 31. Diagram of single-frequency Ar+ laser with frequency
modulation [ 1 3 9 ] . 1 - Resonator mirrors, 2 - discharge tube, 3 - in-
ternal phase modulator, 4 — external phase modulator, 5 — high-fre-
quency generator, 6 - phase shifter.

modes ΔΩ, and the value of δ is approximately equal
to the maximum delay of the phase per pass in the
internal modulator (the customarily employed values
of δ lie in the range 0.01—0.2 rad). A similar depth of
modulation of the phase Γ should be obtained also by
means of an external modulator, which demodulates the
FM spectrum into a monochromatic signal.

Given wm> the value of Γ determines the width of
the spectrum of the FM signal. In order to obtain in
the output radiation of the signal a single FM signal
and to suppress all others, this width should be chosen
so as to correspond approximately to the width of the
region of the excess gain of the line. It is clear there-
fore that in the Ar+ laser, with the broad Doppler line
and relatively high gain, it is necessary to have much
higher Γ than in He-Ne lasers. According to1-136-1, the
required values of Γ for λ 5145 A lie in the range
3.8—4.7 radj.n the region of output powers 250—400 mW.
For λ 4880 A with the higher excess gain, the required
value is Γ = 10 even at a power of 250 mW. (For com-
parison we indicate that Γ = 2 was used in [ 1 3 7 : l for an
He-Ne laser). This circumstance creates difficulties
in two ways. On the one hand, it is a rather compli-
cated technical problem to ensure large phase shifts in
the internal modulator. On the other hand, at large
values of Γ there is danger of phase distortion of the
FM signal [ 1 3 9 ]. The authors of[1361 have therefore con-
cluded that the use of this method is not advisable for
λ 4880 A and confined themselves to obtaining and in-
vestigating a signal-frequency output at λ 5145 A .

Osterink and Targ1-136·1 used in their setup a ring
laser excited by a high-frequency discharge with ac-
tive length 60 cm. The internal modulator was a KDP
crystal. The modulation frequency 384 MHz corre-
sponded to three times the intermode interval of the
resonator. Thus, each third mode was coupled in the
FM signal. The demodulation was by passing the beam
twice through a lithium-niobate crystal 2 cm long. The
depth of modulation Γ = 4.5 in the external modulator
was attained at a modulating HF signal power of 2 W. o

The power of the monochromatic radiation at λ 5145 A
reached 350 mW. The power in the side bands did not
exceed 0.1% of this value*.

The power of multi-frequency generation in the same
line, in the absence of an internal modulator, was
800 W. The light loss in the external modulator was
11%. Theoretically, this method makes it possible to
obtain 100% conversion of the laser power into a mono-

*The sidebands are due to amplitude and phase distortions of the
FM signal or to its incomplete demodulation.

chromatic output signal. In practice, however, the
losses introduced into the resonator by the modulation
cell lead to an appreciable lowering of the single-
frequency power.

One of the advantages of the foregoing method is the
possibility of stabilizing the FM signal frequency rela-
tive to the center of the Doppler line. To generate the
error signal it is possible to use in the automatic fre-
quency control system beats produced in the first side
bands when the carrier of the FM signal deviates from
the center of the line'-140'141-'. In this manner we ob-
tained i n [ 1 " ] a long duration relative stability of He-Ne
and Ar+ laser frequencies amounting to 10"8.

Worthy of attention is the method proposed by Yu.
V. Troitskri and N. D. Goldina [142] for selecting longi-
tudinal modes with the aid of a thin absorbing film
placed in the laser resonator. They used nickel films
deposited on a quartz substrate; the films had an ab-
sorption coefficient 0.14 (in the traveling wave). When
the film position coincided with the nodal surface of
the electric field of the standing wave of one of the os-
cillation modes, the losses introduced by it in the given
mode were very small (0.2—0.3% per pass). At the
same time, for the other modes, the attenuation can be
appreciable and these modes are suppressed. Thus,
single-frequency generation was obtained in both
He-Ne and Ar+ lasers. A scattering film can be used
in place of an absorbing film [ 1 4 2 ].

An interesting possibility of realizing single-fre-
quency generation in an Ar+ laser at λ 5145 A was
pointed out by J . Forsyth [ 1 4 3 : i. He used a resonator of
a special type, in which the beams corresponding to
λ 4880 and 5145 A were separated on leaving the dis-
charge tube with the aid of prisms, and each of the
beams was directed to a separate mirror. When the
optical lengths were equal for both beams, the spectra
of each of lines revealed a typical picture of unstable
generation. However, when the optical length of one of
the beams was slightly changed, the character of the
spectra also changed. Stable generation at two widely
spaced modes appeared at λ 4880 A, whereas single-
particle generation took place at λ 5145 A. The effect
was observed in the magnetic-fie Id intensity range
600-750 Oe. The power of the single-frequency output
at λ 5145 A was 70 mW.

There is no doubt that the observed phenomenon is
based on the competition between transitions that are
coupled through a common lower state. It can be pro-
posed that the resultant two-mode regime at λ 4880 A
is analogous to that observed in the previously cited
investigation11413. For λ 5145 A, which has a weaker
gain, a regime of this type turns out to be "inconven-
ient" if the lengths of the optical paths are not equal,
since it would be accompanied by a "superposition"
of the pulses in the medium, owing to their different
repetition frequencies for both lines. Under these
conditions λ 5145 A "prefers" degenerate at one fre-
quency. (It should experience at the same time a weak
amplitude modulation with a pulse repetition frequency
λ 4880 A.) Apparently, this is the way of finding the
answer to the question why the difference in the optical
lengths of the beams causes the random generation to
give way to stable spectra*.

*For a quantitative interpretation of this phenomenon see [ 1 6 0 ] .



CONTINUOUSLY OPERATING ARGON ION LASERS 723

In conclusion we note that most methods of realizing
single-frequency Ar+ lasers considered here are
represented by single papers, and thus, these methods
are not yet fully verified. The limited experimental
material available at present does not make it possible
to compare with assurance the shortcomings and ad-
vantages of the proposed constructions of single -
frequency Ar+ lasers.

X. GENERATION POWER IN MULTIFREQUENCY
AND SINGLE-FREQUENCY REGIMES

Just as in the case of other gas lasers, a rigorous
analysis of the processes of generation in Ar+ lasers
calls for the solution of nonlinear equations describing
the oscillations of the field in the presence of the ac-
tive medium. However, the well known method of
W. Lamb'144·1 cannot be used to calculate the operating
regimes of the Ar* laser of practical interest since it
yields results only in the region of small saturation of
the medium, i.e., under conditions close to the thresh-
old of excitation of the lines. Satisfactory agreement
with experiment is obtained by calculating the powers
of gas lasers on the basis of a more simplified, the
so-called probabilistic method1130'145"1501. Without going
into details of the method and its principal limitations,
let us see the results it yields in the case of Ar +

lasers.

In an Ar+ laser with an external magnetic field,
calculations of the generated power are greatly com-
plicated by the Zeeman splitting of the lines, and none
have been published so far. We therefore confine our-
selves to the case of a laser without a magnetic field.

A specific feature of the Ar+ laser is the drift mo-
tion of the particles which leads to a difference be-
tween the gains of the forward and backward waves in
the resonator. Attempts to take into account the drift
motion[130] will be discussed later, where it will be
shown that its influence on the generation power is not
very appreciable. In all the relations presented below,
with the exception of (21) and (22), it is assumed that
there is no drift and that the ion velocity distribution
is Maxwellian (relations (21) and (22) do not depend on
this assumption). We shall henceforth use the following
basic assumptions:

1) The upper and lower states of the working transi-
tions, designated a and b, can be characterized by
total decay probabilities y a

 a n d yb> a n d by a transi-
tion probability yab that does not depend on the field
amplitude or on the velocities of the radiating parti-
cles.

2) The presence of generation does not influence the
level pumping rates Sa and Sb, with the exception of
pumping in the a — b channel.

The foregoing assumptions are satisfied under the
condition that it is possible to neglect the influence of
the generation on the discharge parameters and on the
populations of other Ar II levels, with which the work-
ing stage can exchange energy. It is also assumed that
in level-decay processes it is possible to neglect ion-
ion and ion-atom collisions. On the basis of the mech-
anism considered above for the discharge in the Ar+

laser, one can expect, in first approximation, that
these conditions are realized. The competition of the

transitions that simultaneously take part in the genera-
tion is not taken into account here.

Under the foregoing assumptions, the equations for
the balance of populations of the levels a and b yield
for the power Py generated in all types of oscillations
by a single volume of the medium

Pv ^ hvT'1 (ΔΛ™ - ΛΛ'), (21)

where Τ = [(ga/gb)( 7a. ~ ?ab) + >b J/vaVb. Sa. and gb
are the statistical weights of the levels, ΔΝ0 = n a

- n b(g a/gb) and ΔΝ = n a - (g a - gb)nb are the values
of the level inversion in the absence and in the presence
of generation, expressed in terms of the ion densities
n a and n^. In an Ar+ laser we have yb — 7a a n c * w*th
good approximation T"1« y a .

The maximum power that the medium can deliver
in the state of total saturation (ΔΝ =0) is

• * T 7 ' (22)

For the strong transitions of the Ar+ laser at
λ 4880 and 5145 A we have n a » n b and ΔΝ° ~ n a .
Consequently the maximum per-unit power of genera-
tion of these lines (based on the number of quanta) is
equal to the pumping rate of the upper levels Sa = naya,
and thus, the "quantum yield" of these working transi-
tions can approach unity.

Expressing the initial inversion ΔΝ0 in terms of the
coefficient of unsaturated gain at the center of the line
k o (f o ), we get

= 0.4 W*m (we
1 ! 1 1 0

where AVQ is the Doppler line width, A ^ is the
Einstein coefficient for spontaneous emission, and ρ
is a correction that takes into account the influence of
the Lorentz broadening of the lineCl47] (p « 1 +2 Vln2/ir
x (AWL/AVD)*1 1 +0.94 (Αν^/Ανγ))).

Formula (23) can be used to calculate the maximum
per unit generation power of the laser without a mag-
netic field, by measuring the unsaturated gain of the
transition. Thus, for λ 4880 A at a value k°(f0)
= 0.015 cm"1, formula (23) yields Ρ^? Μ *
use the values Aab = 8-45 sec"1, y a = 1.15
AvD =3700 MHz, and Av^ = 500 MHz[81]).

According to (21) and (22), the specific power Py
can be represented in the form

ί,-κΡΓ, (24)

where the quantity κ = (ΔΝ° - ΔΝ)/ΔΝ° characterizes
the efficiency of utilizing the inversion of the
medium1^130]. Whereas P m a x is determined exclusively
by the parameters of the medium, κ is determined to
a considerable degree by the Q of the resonator and
by the character of the spectrum (single-frequency or
multi-frequency), although it depends also on the ratio
of the Lorentz Doppler width of the lines.

The total power P, generated by the beam, is equal
to

P=- PvdV- i\-V, (25)

where V is the effective volume of the radiation field
in the active medium, and Py is the generated power
averaged over the volume. The determination of Py
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and of V is a complicated problem in the case of real
lasers, especially if it is borne in mind that at rela-
tively small capillary diameters it is necessary to
take into account both the inhomogeneity of the laser
field and the_inhomogeneity of the active medium. Cal-
culation of V for the principal transverse mode
TEMoo in a homogeneous medium has been carried
out in [ 1 5 1 ) 1 5 2 ] . It is assumed below that both the radia-
tion field and the active medium are spatially homo-
geneous. The output power of the laser Pout can be
expressed as follows:

i « , = 6P. (26)

where ξ depends only the parameters of the resonator,
determining the ratio of the useful transmission and
losses. If the losses at the ends of the active medium
are characterized by effective reflection coefficients
Ri and R2, and the losses in the medium itself are
neglected, then we have, with good approximation

where t x and t 2 are the useful transmissions from
both ends of the laser. In resonators with high Q we
have ξ « (ti + t2)/(2 - Ri - R2).

The efficiency of utilization of the inversion κ, and
consequently also the generated power, depend strongly
on whether the generation takes place at many frequen-
cies (in the usual two-mirror resonator) or whether
single-frequency generation is obtained by one of the
methods described above*. Let us consider these
cases separately.

1. Multi-frequency generation. Owing to the large
Lorentz line width in Ar+ lasers, a good approxima-
tion to reality is the assumption of homogeneous satu-
ration of the inversion and of the amplification in the
entire generation spectrum interval'145'149-1. In the case
of homogeneous saturation of the gain, the gain k(i>) is
the same for the forward and backward waves, and
equals

(28)

where I is the length of the active medium. The ef-
fectiveness of the use of inversion of the multi-fre-
quency regime /c' m ' can be expressed with good ap-
proximation by

X, (29)

where X = -k°(t/0)*/].nyRiR2 is the degree of gain
saturation, Φ(ζ) = (Vvr/2)z erf (Vln z) - In ζ is a func-
tion introduced in [ 1 4 5 : l, and

erf y = exp ( - t')dt-

is the error function. (Expression (29) is not suitable
near the threshold of line excitation, X ~ 1.) As ex-
pected, X/c(m) increases with increasing degree of
saturation, and tends to unity in the limit a s X - »

*An exception is the method in which the FM regime is used. If the
distribution of the amplitude of FM spectrum duplicates in some man-
ner the distribution of the amplitudes in the absence of modulation,
then this case corresponds more closely to the multi-frequency genera-
tion with respect to the values of κ and p.

4 β β JO Zll 4C SO 60100

maxFIG. 32. Effectiveness of utilization of inversion κ = 1
the multi-frequency and single-frequency Ar+ lasers, as a function of
the degree of gain saturation X. 1 - Multi-frequency generation, 2 -
single-frequency generation.

(Fig. 32). At a degree of saturation X = 10, which can
be readily realized for strong transitions of Ar+ lasers,
the effectiveness of the utilization of inversion reaches
80%. From (23), (24), (26), and (29) we have for the
output power

POM = Pv"x(mW -=-- ~£^ - 4 = - ^ - Φ (pX) ( - In V Λ,Ι) IS; (30)

here V is the volume of the radiation field in the ac-
tive medium and S is the cross section of the beam.
In the case of low resonator losses (- In VRiR2)i;
^ (ti + t2)/2. The radiation density I inside the reso-
nator is connected with the per unit generated power
by the relation Py = kl, where k is given by (28).
Therefore, taking (30) into account, we obtain for the
internal radiation density in the multi-frequency re-
gime

Comparison of (31) with experiment was carried out
for Ar+ lasers inC l 3 1 ' 1 5 3 ' 1 5 4 ;r* . The degree of the satu-
ration of the gain X was varied by placing in the
resonator cavity a calibrated attenuator. It was found
that the relation (31) agrees satisfactorily with the ex-
perimental data (Fig. 33). Figure 34 shows the experi-
mental gain saturation curves at λ 5145, 4880, and
4765 A [ 1 5 4 ]. The internal radiation density I, which
leads to a decrease of the gain by a factor of 2(X = 2),
amounts to 23, 160, and 30 W/cm2 for the indicated
lines, respectively.t

The slower saturation of the gain for λ 5145 A is

FIG. 33. Dependence of the in-
ternal power W = IS on the degree of
gain saturation [131 ]. Current density
j = 300 A/cm2, p 0 = 0.3 Torr. 1 -
Single-frequency regime, 2 — multi-
frequency regime. The theoretical
data (solid curves) have been normal-
ized in such a way that at X = 2 there
is exact agreement with the experi-
mental data (O, X).

0.02
5 Β λ

T h e correction factor ρ was not taken into account in [ 1 S 3 · 1 5 4 ] .

tThe data presented have been refined by the authors of f 5 4 ] .
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FIG. 34. Gain saturation curves for three Ar+ laser lines as functions
of the internal power W [ 1 5 4 ] . The current density isj = 300 A/cm2, p o =
0.3 Torr, the capillary length is / = 23 cm, and the inside diameter is
2 mm.

connected with the fact that for the given transition the
ratio T~VAab « y a / A a b is much higher than for the
other two lines'3 7 1. For this reason, λ 5145 A which
has a small gain, becomes comparable in power with
λ4880 A at high excitation levels. The theoretical
values of I and X = 2, calculated from (31) under the
assumption that the rates of decay of the levels are
determined by the radiative transitions and that y ab
= A a b , amount to 15.2,o187, and 20.4 W/cm2for
λ 4880, 5145, and 4765 A, respectively (we used for
y a and y a b the values of[37-', and for the decay proba-
bilities of the lower levels we assumed yb = 2.8
x 109 sec" l C l 5 5 ] ) . These quantities are in satisfactory
agreement with the experimental data presented above.

2. Single-frequency generation. In this case a dip
is formed in the amplification contour, and its depth
and shape depend on the degree of saturation X and
on the position of the generation frequency ν relative
to the center of the line vQ. (At a large deviation
ν - v0, two dips may be produced.) The generated
power is easiest to calculate for ν = v0, although the
power is not maximal in this case. According t o i l 4 7 ] ,
at ν = v0, the saturation of the gain as a function of
the internal density of the radiation is given by the
expression

(32)

The effectiveness of utilization of inversion in the
single-frequency regime, K ' S ' ( X ) , can be determined
from the relation

x(S) (Χ) = ε]̂ π J (X)lpX, (33)

where J(X) is determined from (32). As seen from
(33), K(S)(X) depends strongly on the ratio of the
Lorentz and Doppler line widths, increasing with de-
creasing AUIJ/AVQ. AS noted in Ch. V, in the Ar*
laser the Doppler line width of the ions can vary
noticeably, depending on the experimental conditions.
Figure 32 shows the values of ic$' calculated from (32)
and (33) for the value AVIJ/AVQ = 0.135, correspond-
ing to Δί/L = 500 MHz and AVQ = 3700 MHz "longitudi-
nal" ion temperature is ~3000°K)*. The quantities
K(S) and /c(ml, as follows from (24), are proportional
to the powers generated by the medium in the single-
frequency and multi-frequency regimes. It is seen
from Fig. 32 that at sufficiently large X the indicated
values of the power become close in magnitude. This
is perfectly natural, since in the case of strong gain
saturation in the Ar+ laser, the homogeneous width of
the radiation-broadened line, which equals
Aui,VI + 3 t l 2 8 ] , becomes comparable with the width of
the generation spectrum in the multi-frequency regime.
This conclusion is confirmed by experimental com-
parison of the power of single-frequency and multi-
frequency Ar+ lasers [ 1 2 7 ' 1 3 1 > 1 3 2 ] (see Fig. 33). For
X = 2, the theoretical ratio of the single-frequency
power (at zero detuning) to the multi-frequency power
is 0.6. The experimental value of this ratio, in accord-
ance with the data of[131], is 0.55. As to the output
power of the single-frequency laser, as already noted,
it can decrease additionally as a result of the losses
inherent in the employed mode-selection methods (the
losses lead to a decrease of ξ in formula (26)).

The dependence of the power on the frequency devi-
ation ν — v0 was calculated with allowance for the
drift i n t l 3 0 ] . The following expression was obtained for
the gain (averaged for the forward and backward
waves):

k =
AiV0

y* (ω, κ) (34)

here e =
is the saturation parameter.

3 -I/Io - 47r2hf3T ^ L / c 3 A a b w here the following notation was used: L±(o>, v)
= [y2

ο 0.25

FIG. 35. Theoretical dependence of the internal radiation density 3
= I/Io on the generation frequency deviation relative to the center of the
Doppler line at different excitation levels. It is assumed that AI>L/AI>D =
0.167 and the drift parameter is 2) = 0 (solid curves) and £> = 0.2
dashed curves). The ordinate scale for the upper pair of curves is magni-
fied ten times.

ωο - ω ± Κν) 2 ] ' 1 go = (x 2/470(A a b/r),
γ = JTA^L, Κ =2π/λ, u = V2kT/M, Μ ion mass, v ' -
drift velocity, and ω-circular frequency. With the aid
of (34), the gain was calculated as a function of the
parameters A ^ L M ^ D , (" - νο)/ΔνΤ), 3, and the drift
parameter 3) = v'/u. A computer was then used to de-
termine the values of 3\v ~ ΙΌ) at a specified value of
k and at fixed values of AI>L/AI>D and S>. Figure 35
shows the theoretical curves of 3[(u - VO)/A.VQ\ for
two values of the drift parameter, while Fig. 36 shows
a comparison of the calculated and experimental
curves. In the theoretical curve on Fig. 36, the value
of AI>L was chosen in such a way as to ensure the best
agreement with the experimental curve, while the
values of Δι/rj and 3> were taken from [a1·'. It is seen
from the foregoing results that the depth of the Lamb
hole in Ar+ lasers can amount in typical cases to ap-

*In [ I 3 2 ] they calculated the values οι κ^ (Χ) for AV^/APQ = 0.24.
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FIG. 36. Experimental plot of the
internal radiation density 3 vs. the
frequency deviation (dashed line) and
theoretical curve of "best approxima-
tion." For the theoretical curve it is
assumed that Δ ι χ = 435 MHz and 2D =
0.157.

v-v,, GHz

proximately 20% of the maximum generation power.
This is confirmed by the results of1131·1, where they
measured experimentally the Lamb hole in the
λ 4880 A line. As follows from Fig. 35, the drift mo-
tion does not influence greatly the power, although it
still leads to a certain decrease of the power. Atten-
tion is called to the noticeable discrepancy between the
theory and experiment at frequencies near the center
of the line. As noted in [ 1 3 0 ], it is connected with the
approximate character of the probability method used
in the calculations.

We shall not discuss the choice of the optimal
resonator parameters, particularly the mirror trans-
mission coefficients needed to obtain the maximum
output power of the Ar+ laser. Optimization of the
mirror transition reduces to a determination of the
maximum of the product ξ κ, which can be carried out
with the aid of the relations and diagrams given above.
In the case of the multi-frequency generation regime,
one can use without appreciable error the results ob-
tained without allowance for the Lorentz line
width [ 1 4 6 > 1 4 8 ]. In single-frequency Ar+ lasers it is
necessary to take into account the Lorentz line width,
as was done [ 1 5 9 ] for the He-Ne laser.

XI. CONCLUSION

In the four years elapsed since the construction of
the first continuous Ar* laser, much progress was
made both from the point of view of the development
of different Ar+ laser designs and from the point of
view of clarifying the physical processes that ensure
inverted population. At the present time, commercial
Ar* lasers are produced with power up to 10 W and
with service life up to 1000 hours. Under laboratory
conditions, output powers up to 100 W were obtained
in individual cases. However, the Ar+ laser still re-
mains an instrument difficult and expensive to con-
struct, and this greatly hinders its application in sci-
entific research and for practical purposes.

Recent theoretical and experimental investigations
of the physical processes in the Ar+-laser plasma have
made it possible to understand the main features of the
mechanism of inversion production in this type of laser.
This makes it possible to approach more rationally the
design and construction of lasers with optimal parame-
ters and operating conditions. However, we still do not
have a sufficiently complete picture with respect to the
properties of the active medium of the Ar+ laser, and
many important problems still wait their solution.
This pertains primarily to the role played by the mag-

netic field in the increase of the Ar+ laser power,
which is all the more important since the majority of
Ar* lasers operate with a magnetic field. Nor is the
mechanism of pumping the quadruplet terms of the 4p
configurations completely clear, particularly, the role
played in this pumping by the metastable 3d states. It
is necessary to carry out theoretical and experimental
investigations of the discharge parameters in sec-
tionalized lasers and in lasers with radio-frequency
supply. Of important practical value is the study of
the processes that lead to the destruction of the internal
walls of the tubes in Ar* lasers of various types.

To estimate the prospects of further increase in the
Ar+ laser power, great interest attaches to an investi-
gation of the role of various factors that lead to the
saturation of the generation power at high discharge-
current densities.

Of fundamental significance for the Ar+ laser is the
problem of increasing its efficiency. The efficiency
problem is particularly acute in the case of high-power
lasers, since the present low efficiency lasers require
power supplies on the order of dozens of kilowatts.
Special investigations of the influence exerted on the
efficiency by various factors (tube geometry, discharge
conditions, etc.) and of the most economic methods of
exciting Ar+ lasers are needed. One of the promising
ways of increasing the output power and efficiency of
Ar+ lasers is to use large-diameter discharge tubes.

Only the first, albeit important steps have been
made in the investigation of the frequency characteris-
tics of the Ar+ laser emission and in the development
of single-frequency lasers. Further research is
needed on mode interaction in multi-frequency lasers
and, in particular, on the conditions for the existence
of mode-locking and the characteristics of this re-
gime. As to the single-frequency lasers, it is desir-
able to have a better idea of the characteristics of dif-
ferent mode selection methods in Ar+ lasers, and of
the comparative advantages and shortcomings of such
methods. One of the unsolved problems is the calcula-
tion of the power of multi-frequency or single-fre-
quency Ar+ lasers operating with a magnetic field.

The development of frequency-stabilized Ar* lasers
is in a very unsatisfactory state. Although many of the
frequency-stabilization methods proposed and realized
for He-Ne lasers can apparently be used also in the
case of Ar+ lasers, there are practically no reports of
work in this direction.

Foremost among the technical problems, as before,
is the finding of discharge-tube materials and designs,
capable of withstanding high current densities and en-
suring at the same time the maximum service life, and
also the development of methods of preventing splatter-
ing of the windows and mirrors of powerful Ar+ lasers.

This, briefly, is a list of the main problems in the
field of argon ion lasers. One can hope that besides the
progress already made, the solution of the foregoing
problems will lead in the nearest future to an extensive
utilization of Ar+ lasers in various branches of science
and engineering.

After this review was written, two very interesting
papers devoted to Ar* lasers were published by
G. Herziger and W. Seelig [ 1 5 6 '1 5 7 ]. In the first [ 1 5 6 ], an
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attempt is made to develop a simplified ion-laser
theory suitable for the calculation of its basic charac-
teristics. Starting from the balance of the power fed to
the discharge and consumed in it, the equations of
electric conductivity with allowance for Coulomb colli-
sions between the electrons and the ions, and the
Langmuir-Tonks equation, which relates the ionization
rate ζ with the electron temperature T e , Herziger
and Seelig obtained analytic formulas which made it
possible to estimate T e , N e , and the true density N a

of the argon atoms in the discharge from the meas-
ured values of Ε and j . Further, using the theoretical
values of N e , T e , and N a , we obtained formulas for
the pumping rate and population of the working levels
of Ar+ lasers. The formulas were obtained under the
assumption that: 1) the laser levels are pumped from
the ground state of the argon ion and 2) in the electron
energy range from 3 to 12 eV the rate of excitation of
the laser levels is proportional to the ionization rate.
Herziger and Seelig did not make a detailed compari-
son of the calculated values of T e and N a with either
their own data or with the published data, but the cal-
culated values turned out to be perfectly reasonable
and did not contradict the experimental results'^76"801.
As to the values of N e , according to the statement of
the authors, they coincide with the experimental
values [ 7 7 ] accurate to 10%. Nor was a comparison
made between the calculated and experimental popula-
tions of the levels. A serious confirmation of the
validity of the developed theory is the fact that it
yields formulas previously obtained empirically,
namely for the longitudinal field intensity E [ 6 6 ] and
for the threshold current i t f l 5 a ] .

The correctness of the formula obtained by the
authors for the calculation of the Ar* laser power is
convincingly confirmed by the very good agreement
between the experimental dependence of the generation
power at λ 4880 A on the current, for tubes of 7 and
10 mm diameter, with the calculated dependence (see
Fig. 10 of [ 1 5 6 ]).

In spite of the fact that the experimental data ap-
parently favor the Ar+-laser model analyzed by
Herziger and Seelig, we find it necessary to call at-
tention to a number of assumptions made by them
without sufficient justification. First, the Langmuir-
Tonks formula that connects the rate of ionization with
the electron temperature is valid only if λί ~ R,
whereas in the Ar+ laser we have λί ~ R. Second, it
is assumed that the ionization of the Ar+ laser is ef-
fected from the ground state of the argon atom, yet
one cannot exclude the possibility that ionization from
the metastable states of the argon ion may play a
major role and perhaps even the principal role. Third,
the assumption made in t l 5 6 ] that the rates of ionization
and excitation of the laser levels are proportional (in
the electron energy range 3—12 eV) is not justified,
and in fact is not t rue [ 1 0 6 ] .

The second paper by the same authors'-157] is de-
voted to a detailed description of the experimental in-
vestigations of ionic lasers with large-diameter tubes
(7-15 mm), brief reports of which were mentioned in
the review. A power of 120 W was obtained in the
4p—4s transition of Ar Π in the visible region of the
spectrum at a power of 1.5 W in the ultraviolet transi-

tions of Ar III (λ 3638 and 3511 A) and Kr III
(λ 3507 A) in the cw regime. The high inversion
density (7 x 109 cnT3) has made it possible to obtain
superradiance of 20 W power in tubes 2 meters long
at a diameter of 12 mm, on the λ 4880 and 5145 A
lines of Ar II, as a result of the amplification of the
spontaneous emission and as it passed many times
through the active medium. These are the main re-
sults of these two interesting papers.
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