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Abstract

It will be interesting to study the properties of pulsed argon ion lasers by mixing
helium gas with argon gas because it produces the combinations of electron temper-
atures and densities different from that in pure argon. In this experiment, the 4830 A
and 4765 A relative laser powers in Ar-He gas mixtures were examined as a function
of discharge current in the 6 and 10 mm bore tubes. Although the 4880 A peak laser
power decreases rapidly with the increase in discharge current at a pressure of 15
mtorr of pure argon, the different phenomena occur when the helium gas is mixed.
They are interpreted gqualitatively with the measured electron temperatures and
densities, and with considering several formation and destruction processes for laser
states.

1. Introduction

Properties of laser output pulses in pure argon excited inductively have beer
described in our previous papers®®®, Particularly, the 4880 A and 4765 A laser
output pulses show interesting characteristics at high currents. To study the
mechanism of them more minutely, it is worthwhile to vary electron temperature
and density independently. For this purpose, helium gas is mixed with argon
gas.

At first, singly ionized argon ion lasers were obtained in Ar-He or Ar-Ne gas
mixtures??®. However, it was reported also that addition of buffer gas decreased
the laser output power when partial pressure of helium gas became higher®.
Actually, the same phenomenon was observed also in our case. From the view-
point of obtaining high power lasers, therefore, addition of helium gas is not de-
sirable. However, it is interesting to utilize helium gas as a means to study
physical properties of argon ion lasers at high currents. In a fixed laser tube
and excitation method of gas, if a certain pair of argon pressure and input power
are chosen, one pair of the electron temperature and density are determined.
However, the combination of those values can be changed if helium gas is mixed
with argon gas. If only helium gas is increased even at a constant argon pressure,
the electron temperature and density will change. Since it influences on the rela-
tive importance of the excitation and destruction processes, the characteristics of
saturations of the laser output powers will differ from those observed in pure
argon. Actually, they were observed in our experiment. Thus, helium gas was
not used to stabilize gas discharge or as buffer gas, but was utilized as a means
to vary the electron temperature and density independently.
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The properties of argon ion lasers in pure argon were interpreted with the
measured plasma parameters and the rate equations for the laser states in which
the five formation and destruction processes were considered®. Also in this paper,
the same rate equations will be used and it will be shown that the properties of
the laser output powers in helium-argon gas mixtures will be explained qualita-
tively by considering the influence of helium gas on the measured electron temper-
ature and density. It also results in the verification of the rate equations.

2. Experimental

As the arrangement used in this experiment has been described in our previ-
ous paper?, it is mentioned briefly here. A ring laser tube was used which was
composed of a capillary of 6 mm in diameter and 30 cm in length, and a bypass
tube of 1.6 cm in diameter. A tube of 10 mm bore also was used. They were
set in the secondary of the transformer and filling gas was excited inductively
by input 10 psec pulses. A rf generator was used to facilitate the initiation of
gas discharge. Discharge currents were examined with a Rogowskii coil. Laser
output powers were examined with a photoelectric method. Electron temperature
and density were measured with the double probe method described by Johnson
and Malter?®,

The peak discharge current was in the range of 100 to 750 A. A ratio of
partial pressures of Ar and He was changed in the range of 1:0 to 1: 10, and
also the total pressure was changed.

3. Experimental Results R D=6 MM |5 MTORR

Fig. 1 shows current pulses and laser
output pulses for the 4880 A and 4765 A
transitions at a pressure of 15 mtorr in
the 6 mm bore tube. In this paper, for the
4880 A transition, we examine the current
and pressure dependences of the first peak
P and the last peak R which appears in
the 40 usec pulse excitation. For the 4765
A transition, only a peak P is treated.

Fig. 2 shows the P peak laser intensity
of the 4880 A transition vs peak current
characteristics at three Ar-He pressures
and a pressure of 15 mtorr of pure argon.
The ratio of partial pressures of argon and
helium is constant (1:10). At currents
below 200 A, there are not qualitative dif-
ferences between the current dependence

4880 4

of the laser power in pure argon and those TIME (p4SEC)

in Ar-He gas mixtures. At currents above FIG. 1. Current and laser out-
200 A, however, 'the pea}«: laser output put pulses of the 4880 A and 4765
power decreases with the discharge current A transitions. Vertical: arbitrary

more rapidly at higher Ar-He pressures. unit, linear scale.
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FIG. 2. P peak laser output power of the 4880 A transition
as a function of peak current at Ar: He=1: 10.

At Ar-He pressures of 60.5 mtorr and 83 mtorr, the curves have flat tops and
the laser powers do not show remarkable decrease. However, the absolute value
of the maximum of the laser power at each pressure becomes smaller at lower
Ar-He pressures.

To examine the influence of helium gas more definitely, argon pressure should
be kept constant and only helium pressure should be changed. The result ob-
tained for the 4880 A transition is shown in Fig. 3, which has been reported in
our other paper'®. The relative laser output power decreases with the increase
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FIG. 3. P peak laser output power of the 4880 A transition as a
function of discharge current when only helium pressure is changed
at a constant argon pressure (~10 mtorr). In the 10 mm bore tube,
the same phenomenon was observed. However, the saturation occurred
at a current of about 800 A.
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in discharge current more slowly as helium pressure becomes higher. However,

the absolute value of the maximum of the laser output power decreases with the
increase in helium pressure. Also in the 10 mm bore tube, the same phenomenon
was observed but the current at which the laser output power was saturated was
about 800 A.

The result for the 4765 A transition is shown in Fig. 4. Both the threshold
current and the current at which saturation occurs increase with the increase in
helium pressure. The absolute laser output power is smaller at higher helium
pressures. In the 10 mm bore tube, the saturatinn did not occur even at currents
above 1000 A. For the 4880 A transition, thus, the difference occurs at currents
above the saturation current, but for the 4765 A transition, the saturation current
itself changes remarkably.
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FI1G. 4. P peak laser output power of the 4765 A transition as a
function of discharge current when only helium pressure is changed
at a constant argon pressure ( ~14 mtorr). In the 10 mm bore tube,

the laser output power was not saturated even at currents above 1000
A.

Fig. 5 shows R peak laser power vs peak current characteristics for the 4880
A transition. In helium-argon gas mixtures, the threshold current is higher than
in pure argon and the rate of increase in laser output power is smaller. The
saturaion does not occur even at currents above 300 A. In the 10 mm bore tube,
the peak R did not appear.

Next, the electron temperature and density necessary for the understanding
of the mechanism of argon ion lasers were measured with the double probe
method. The measurements were made on the tube axis in the 6 mm bore tube
and at the position of 3 mm away from the tube axis in the 10 mm bore tube.
The result is shown in Fig. 6. It is partially on account of the position that the
electron temperatures in the two tubes are more different than those in pure
argon which the measurements were made at the same positions®. At a pressure
of 15 mtorr of pure argon, the electron temperature increases from 8x10* to
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FI1G. 5. R peak laser ouiput power of the 4880 A transition as a
function of peak current at several pressures. In the 10 mm bore tube,
the R peak did not appear.
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FIG. 6. Peak electron temperature as a function of peak discharge
current in the 6 and 10 mm bore tube.

10°°K when the discharge current increases from 100 to 500 A in the 6 mm bore
tube®. TFig. 6 shows that the electron temperatures in gas mixtures are higher
than that in pure argon. As inferred from the Tonks-Langmuir’s relation'”, the
electron temperature in pure helium is much higher than in pure argon. The
measured values seem to be intermediate ones determined by partial pressures
of the two gases. The increase in electron temperature with rising currents was
observed also in these gas mixtures. Although the error in low current regions
is 10-15%, the exact measurement is difficult on account of fluctuation in probe
current at currents above 450 A. Therefore, that result is not shown in the figure.

Fig. 7 shows the peak electron density as a function of peak discharge current.
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FIG. 7. Peak electron density as a function of peak discharge
current in the 6 and 10 mm bore tube.

At a pressure of 15 mtorr of pure argon in the 6 mm bore tube, it increases
from 210" to 10" cm~* when the discharge current increases from 100 to 550 A.
The large value is due to the pinch effect and double ionization. However, the
electron density does not increase very much even if helium gas is mixed. It is
because the jonization potential of helium is high and the total ionization cross
section is about one order of magnitude smaller than that of argon'?.

4. Discussions

It is the following processes that we must take into account for the popu-
lations of upper and lower states of argon ion lasers. The ionic excited states
are formed by the singlestep process from the neutral ground state, the multistep
process through the ion ground state, and the cascade transitions from the higher
states. They decay on account of radiation and electron collisions. At the steady
state, equations for the populations of the upper and lower levels 2 and 1 of the
argon ion laser are given by

Sattgatie + Montiane -+ > Ajani — Aty — Doitanig = 0 (1)
Slno,;ﬂg -+ Mln:'.qne <+ E Ajlnj - FA]?I[ — Dm,ne = 0, (2)

where S and M are the formation rates by the singlestep and multistep excita-
tions, respectively. A and D are the destruction rates by the radiation and
electron collisions, respectively. > Ajn; and >) Ajn; represent the contributions
of the cascade effects. 70, and n;, are the argon neutral atom and argon ion densities,
respectively. #e=1.y+e4, wWhere ney and n., are the densities of the electrons
formed by the ionizations of the argon and helium atoms, respectively. There-
fore, nis=nes. F in equation (2) shows the radiation trapping effect. When the
Doppler broadening is dominant and the tube is cylindrical, F=C/koR(log kR)Y219,
where %, is the absorption coefficient, R is the tube radius and C is a constant.
Since %R is relatively large in our case, for simplicity, we assume that Feoc
(koR)™' and put F= dvp/n:.K, where 4v), is the Doppler width of the resonance
line (720 A). Moreover, it is assumed that S Ajn; =rAm, and > Ajn, = nFAm,.
7 J
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Then, the quantity P={n.— (g:/g1)n1}1/dvp—f which is approximately proportional
to the laser output power is obtained from the equations (1) and (2), where f
represents the loss term and d4yp is the Doppler width of the laser transition.
Here, we simplify the expression P with very rough approximation to be able to
examine easily how P depends on the ion and electron densities.

At small ., the destruction terms by electron collisions are neglected. Then,

Pi={A+ (B~ Chni,— Dui,) Mett 2o _ p (3)
vp
where
_ Suttoa - M
A= g d-n) B= 41— "
cof KSmi & KM
& Al(l—‘?'l)ADL & A1 —7n)dvp

At relatively large n,., the radiative decay and cascade transition terms are
neglected. Then,

P2=(E+Fﬂi_4)—d"1;;—ﬁ (5)
where
po (S _ 8 Si M. g M
E= ( D g1 Dy )no,l F= D: o D (6)

The function A + (B — C)#nis — Dnj, has the maximum at n;,4= (B—C)/2D. On
the other hand, #es+#er is a monotonically increasing function with the discharge
current as seen in Fig. 7. Therefore, P. is the function which has the maximum
at a certain discharge current. On the other hand, the excitation function for
4p—3p° transition has a strong resonance only close to threshold and is very
small in other energy regions. That for 4s—3p° transition is large in rather wide
energy regions”. Therefore, as far as the optimum electron temperature and
density do not exist, perhaps M:/D.<g:M/g:D:. Then, P. represented by the
equation (5) is a monotonically decreasing function.

We denote by f(#ne, Te,v) the electron energy distribution which is assumed
to be Maxwellian, and by ¢4 and ¢4 the total ionization cross sections of argon and

helium, respectively. Then, the rate of ionization depends on S”o()'ng (e, Te, v)vdy.

The change of 7. influences #;4, #in, 104 and #ey as follows. If Tea<Te and vi<vs,

f(neh Tehvz)<f(7'le'z, Tez, v2)
f(ner, Ter, v1) ~ f (Nez, Te2, 01)°

(7)

When the electron energy increases from 30 to 100 eV, ¢u/s.4 increases from 0.037
to 0.13". Therefore,

nigk Tez) > 7ia( Tez)
ﬂiH(Tel) ﬂiA(Tel).

(8)
That is,
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Nen ( Te) > Ten (Ter)

Neal Lez) ™ Meal(Ter) 9)

There is not information for the excitation cross sections of the laser lower
and upper states enough to interprete quantitatively the laser output power
characteristics. It is the single-step excitation cross sections of the 4p states
that have been investigated™®!®', In this paper, therefore, the results in Figs.
2, 3,4 and 5 are discussed merely qualitatively on the basis of the equations (3)-
(9) and the measured electron temperature and density.

Fig. 2 shows that saturation of the 4880 A laser output power occurs at a
current of about 150 A. However, the electron density at that current is larger
at higher Ar-He pressures. As seen in Fig. 6, T, increases and #ne.=n;4+nin de-
creases with the decrease in Ar-He pressure. If >]i and p>p, n.(fz, 1) —
ne(J1, 1) <nelJo, p2) —me(Ji, p2), where J and p are the current density and gas
pressure, respectively. It is found from the equations (8) and (9) that n:./7e
decreases. Therefore, n;4( )2, p1) —nialJ1, p1) <nis(Jo, po) —nial s, p2). It shows that
P: decreases more rapidly at higher pressures as the discharge current becomes
higher than 150 A. Moreover, since T. is higher at lower pressures, the relative
importance of S increases and therefore A does. Perhaps it also is one cause of
behavior in Fig. 2. When the change of n;s with the discharge current is small,
P, also does not change very remarkably. Consequently, the 4880 A laser output
power decreases more slowly with the discharge current at higher Ar-He pres-
sures.

Fig. 3 shows that the 4880 A laser output power decreases more slowly with
the discharge current as helium pressure becomes higher. Since T. changes with
the increase in helium pressure, the coefficients A, B, C, and D change. However,
since argon pressure is constant, n;.(/, pu2) is not so different from #n;4(/, pu1) as
when argon pressure changes. Therefore, A+ (B— C)n;s— Dnl, does not differ
very much at two helium pressures. On the other hand, as shown in Fig. 7, 7.
increases more rapidly at higher helium pressures. Since P; is the product of
the two factors, the rate of decrease in P; with the discharge current becomes
smaller at higher helium pressures.

In Fig. 5, the laser output power vs discharge current curves in Ar-He gas
mixtures exist in higher current regions than those in pure argon. The electron
density in the 40 psec pulse excitation is smaller than in the 10 psec pulse exci-
tation. It is supposed, therefore, that »;, does not amount to the value necessary
for saturation of the laser output power even at a current of 350 A in Ar-He gas
mixtures.

As seen in Fig. 4, the 4765 A laser output power shows the characteristic dif-
ferent from the 4880 A one. Although there is not the exact information about
M., M., and Si, perhaps the difference of the characteristics for the two tran-
sitions is due to that of the excitation cross section for each state. The relative
importance of S; may decrease fairly rapidly for the 4765 A transition when 7%
decreases with the increase in helium gas. Then, since C becomes smaller, the
saturation point moves to the higher current region.

In the above discussion, for simplicity, the changes of the neutral atom
density, cascade rate, and Doppler width were neglected.
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5. Conclusions

The current dependences of the peak laser powers in Ar-He gas mixtures are
different from those in pure argon. However, the properties are to some extent
interpreted with using the rate equations similar to those in pure argon and with
considering the changes of electron temperature and density by mixture of helium.

Those two parameters seem to have very important influence on the laser output
powers.
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