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POPULATION INVERSION CALCULATIONS USING NEAR RESONANT
CHARGE EXCHANGE AS A PUMPING MECHANISM

by Donald L. Chubb and James R. Rose
Lewis Research Center

ABSTRACT

Near resonance charge exchange between ions of a large ionization -
potential gas such as helium or neon and vapors of -metals such as zinc,
cadmium, selenium, or tellurium has produced laser action in the metal
ion gas. The present investigation is a theoretical study of-the possi-
bility of obtaining population inversions in near resonant charge exchange
systems (Xe-Ca, Xe-Mg, Xe-Sr, Xe-Ba, Ar-Mg, N-Ca). The analysis is an
initial value problem that utilizes rate equations for the densities of
relevant .levels of the laser gas (Ca, Ba, Mg, or Sr) and an electron
energy equation. Electron excitation rates are calculated using the Bohr-
Thomson approximation for the cross section. "Approximations to . experi-
mental values of the electron ionization cross section and the ion-atom
charge exchange cross section are used. Preliminary results have been
obtained for the Ca-Xe system and show that it is possible to obtain gains
greater than 1014 n=3 with inversion times up to 8x10~7 second. A pos—
sible charge exchange laser system using a MPD arc plasma accelerator .is
also described.

I. INTRODUCTION

McGowan. and - Stebbings (ref. 1) proposed that near-resonance charge
exchange is a possible way of obtaining an inversion in a gas laser. Ex—
perimentally it was. found that charge exchange was a pumping mechanism
for producing inversions in He-Zn (refs. 2, 3, and 4), He-Cd (ref. 5),
He-Se (refs. 6 ard 7), He-Te (ref. 8), and Ne-Te (ref. 8).. Theoretically
there are many systems where near-resonance charge exchange can. be used
to produce an inversion.

The present theoretical study investigates the possibility of obtain-
ing inversions in a plasma of metals such as Mg, Ca, Sr, or Ba by charge
exchange with inert gas ions such as He, Ne, Xe, Ar, or N. . The analysis
uses rate equations to calculate the density of the various ion levels
considered and an energy equation to calculate the electron temperature.
Both charge exchange and electron collisional excitation of the various

ion levels are considered.

In the next.section a. charge exchange laser. system is described.
Follow1ng that the analysis is presented. Then the important collision
cross sections are-discussed. . Finally results of . the analysis for the
Ca—Xe system.are discussed and conclusions are drawn.
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II. CHARGE EXCHANGE ION LASER

Near resonance charge exchange is described by the following reac~
. tiom. o

i
+ a0 +
AT+B + A+ 13:.L + AE  (la)

The excited ion, Bi, corresponds to the. upger laser level of the metal
being considered. The ground state ion, , cor responds to .the inert gas
ion. The quantlty lAO. is the exc1tat10n rate for the B state by charge.
exchange with A*. The. quantity AE is given by

E=1I1.P., - (I.P;B + E.P.BI> . - (1)

where I.P. is ionization potential. E.P. is excitation potential. If
AE is small; then the reaction rate, %ko, for this process will be com-
parable . to the resonance process where AE = 0. Such charge exchange
rates are large compared to electron and radiative excitation rates and
therefore make it possible to preferentially excite the (Bf)i state. -
There are many possible choices for A and B that satisfy the require-
ment AE + 0. It is a reaction of-the type described by equation (la)
that produced.inversions in.the experiments of references 2 to 8.

Table I lists same interesting possible systems. The first column
lists the charge exchange reaction that populates the upper laser level.
of the metal ion. Column two- lists the possible laser transition and col-
umn three gives the laser wavelength (ref. 18). The fourth column.gives
the value of the energy.defect, AE, and the last column is the ‘upper bound.
on the efficiency of the.system. This efficiency is defined as the ratio
of the energy of the laser photon, hc/A, to the ionization potential of
the inert gas, I.P. (species A in eq. .(la)). '

In addition to the charge exchange reactim of equation (la), the
following charge exchange reaction may also produce inversions.

i
+ ‘an* + ‘ ' N
A+ B > AT+ B +AE  (22)
Here,
E=I1.P., - (L.P., + E.P.Bi) (2b)

Again there are many systems where fE -0 so that a large reaction rate
- can be expected. ’
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Referring to equation (1b) we see that the A species must have a
large ionization potential (for example, an inert gas) in order that"
AE -0 and equation (la) be a near resonant reaction. For equation (2a)
to be a near resonant reaction, however, the A species must have a small
ionization potential (for example, a metal).

Previous laser action based on equation (la) has been obtained in-
discharge tubes running on He or Ne seeded with a metal (refs. 2 to 8).
Inherently such devices establish plasma conditions (electron temperature
and density) necessary to maintain the discharge. 'Usually these same con-
ditions are not proper for obtaining large gains. Hopefully, as power is
increased to the discharge the gain should increase. However, as power is
increased -the gain increases to a maximum and then decreases (ref: 7). The:
reason for the decrease in gain with increasing power is that the electron
temperature increases with power and finally becomes large enough so that
electron collisions drive all the excited states toward their equ111br1um
values thus eliminating the inversion.

The ideal system for a chargeﬁexchange-laser would be one where the
plasma conditions for obtaining gain are independent of those necessary.-
for maintaining the source of ions. One device that has the possibility
of providing this independent control is a plasma accelerator called an MPD
arc (refs. 9 and 10). The MPD arc produces a stream of high velocity
(1.5x10% m/sec) ions at densities up to 1020 g (ref 11). A proposed
system for obtaining gain using charge exchange with an MPD arc is illus-
trated in figure 1. A seed metal is added to the exhaust of the arc. An
inversion in the metal ion gas should be produced by means of the charge
exchange reaction described by equation (la).  Since the seed metal is lo-
cated downstream of the arc discharge, it will not seriously alter the
discharge operation. Therefore, the amount of metal seed that can be added
will be nearly independent of the arc operation. Also, although the electron
temperature in the arc exhaust is determined by the discharge conditioms, it
decreases with distance downstream from the active arc plume. As a result,
by choosing the point at which the metal seed is added the electron tempera-
ture that effects the gain can be controlled. An additional advantage of
the MPD arc system is that it can. be run at high powers (megawatts) so that
large gains may be possible.

An MPD arc system similar to that shown in figure 1 is being constructed. -
To estimate the possible gains that may be obtained a theoretical analysis
was initiated. The following model was used to approximate the conditions
that exist in figure 1. A beam of inert gas ions is assumed to be moving.
through a cloud of neutral ground state metal gas.' Initially the ion beam
and metal gas cloud have prescribed spatially uniform densities. Then
treating this situation as an initial value problem, the densities of the
" important states are calculated as functions of time. The electron temper-
ature is also calculated-as a function of time. Conditions that exist in
the initial penetration of the ion beam into the metal gas cloud Shquld be
~ approximated by this model.  Results of this analysis will indicate the mag-
nitude ‘of the inversion, as well as the length of time the inversion will
persist in the initial interaction of the ion beam and metal gas cloud.
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III. ANALYSIS

To obtain an exact. solution for all the number densities of the ex-
cited states of the metal ion would require solving the continuity, mo-
mentum, and energy equations for each of -the excited states of the metal.
Also, similar equations for all states of the inert.gas and electron gas
must be included. Such a problem would be intractable. However, several
simplifications can be made. First of all, only a limited number of levels
of ‘the metal ion will be important in determining an inversion. As a re-
sult, most of the excited states can be neglected. Secondly, since elastic
collision rates between.like species are large, we can represent all states
of the metal by a common temperature and velocity. Thirdly, the charac-
teristic time for a change in density of an excited metal ion state is
short (10~8 sec) canpared to the momentum transfer collision time (10-6 sec)
between the inert gas ions and the metal. As a result we assume that the
velocity and temperature of the inert gas ions and the velocity and temper-
ature of all the metal states are constants. Finally, heat conduction and
viscous dissipation are neglected. With these approximations the system
of equations to be solved includes a continuity equation for each consid-
ered state.of the metal, the electron continuity equation, the inert ion
continuity equation, and an electron energy equatiam.

A, Continuity Equation for ith Level of Metal Ion

The continuity equation for the ith jevel is given by the following
expression (ref. 12, ch. 7-8).

Bn. . . .

s FV (V) =P+ P+ P (3)
where 3 is the average velocity and n, is the number density of the
ith spec%es and t is time. The P terﬁs on the right hand side of equa-
tion (3) glye the production rate of the jth species as a result of charge
exchange P} , collisional electron excitation P , and spontaneous
emission ané stimulated emission and absorption Pl ad ¢+ In appendix A
expressions for these terms are developed. 1In cons1der1ng the charge ex-
change production term we neglected the inverse deekcitation process (see
eq. (la)). This is reasonable since the densities of the inert gas atom
and excited metal ion are small compared to the inert gas ion and ground
state metal atom. ' It was assumed that the radiation field used to calcu-
late the stimulated emission and absorption effects is not dependent on
the densities of the excited levels of the metal ion. Instead the radi-
ation energy flux was assumed to have a Planck distribution in frequency

- and to be characterized by some radiation temperature, T,, and a param-
eter,. vy, that -accounts for an increase in energy flux at any frequency

. where lasing may occur (see appendix A). ‘Since we have assumed v, is
nearly constant for time intervals of interest, equation (3) becomes the
follow1ng



(4)

B. Continuity Equation for Metal Ion Ground State

For the ground state of the metal ion, an additional term must be
added to equation (4) that accounts for ionization of neutral metal atoms
by electron impact. Therefore, . '

dn
1.1, .1 1 2 .o
dt —Pe tPiaq Font nenlkel

(5)
Where subscript or superscript 1 denotes the ground state of the ion
and subscript or superscrfpt o denotes the ground state of the neutral
metal atom. Note that ¢ o and kgl are ionization and recombination
rates. Similar to the case of electron excitation (eq. (A7)) we relate
the recombination rate, kgl, to the ionization rate, £ through the

equilibrium relation (ref. 13, p. 687). eo

- 4Ep p
o 18 [ 2 \32 _KTe 1 (6),
el 2 1 ZﬂmekTe eo

The quantity Ep p, is the ionization potential of the metal atom in
volts. Using equation (6) in equation (5) yields the following result,

dn ' - ' ' '
_1_51 1 1 S o
dt Pe +'Prad + neleo(}o nenlﬁge;] &)
where ' |
qFE
.. I.P.
5% = 20 (e )" ®
el Zgl /2"mekTe ,

C. Continuity Equation for Metal Atom Ground State.

The continuity equation for the ground state of the metal atom in-
cludes the effect of both charge exchange and electron collisional ioni-

zation. )
dn, - - . f ' '
0 _ z > r- 1 ol -
dt f'—nAno / le - nezeo{}o‘- nenIHC%J . - )
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" The firét term in'equation (9) is the sum of all the charge exchange
rates (eq. (A9)) for levels of the metal ion that have a resonance with

the inert gas ions. The second term is the net rate for electron col-
lisional ionization.

D. Continuity Equation for Ground State of Inert Gas

The only loss mechanism for density considered for the inert gas
ions was charge exchange. As a result the inert gas ion continuity equa-

tion is the following. .
A r
ac "l E : on (10)

E. Charge Neutrality and Electron Energy Equation

Finally, we assume that charge neutrality exists so that the elec-
tron number density must balance the total ion demsity. Therefore,

N
n, + E (11)

i=1

To complete the system of equations an electron energy equation is
required. In Chapter 7 of reference 12 flow equations for general reac-
tive systems are developed based on the Bhatnagar-Gross-Krook model for
the Boltzmann equation. Based on these results the following electron
energy.equation was developed in appendix B from equation (56.2) of ref-
erence 12,

_ q(E,-E.)
dT - Noxl q, —L 2 o
- = - : ZJ n, - —n,e- kTe'» 22 - T
dt eil"1 q. 3 3k Bei €
J=iFl i=1 EEE -

: 1 o] 1 '
- ILeo[no - n n% ][Bk eo - e] (8-5)

The term ‘Egi is the average of the square of the relative velocity be-
tween all electrons and all level i . particles that take part in excit-

ing level .j. Slmllarly, 85, . is the average square velocity between all
~electrons and all ground state metal ‘atoms that take part in ionization.
The excitation rate of level -j as a result of electron colllslons w1th
level i is denoted by 2%1' '
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The system of equations.is now complete. It consists of N -1
equations for the number density of considered excited levels of the .
metal ion (eq. (4)), continuity equations for the metal ion ground state
number density (eq. (7)), metal atom ground state number density
(eq. (9)), inert gas ion number density (eq. (10)), and electron number
density (eq. (11)), and finally of the electron temperature (eq. (B-5)).
Before a solution can be obtained, however, expressions for the electron
excitation rate, Z%l, electron 1onlzatt23 rate, Lig, charge exchange rate,

RAo’ and the relative velocity terms gzl and gz must be known: In

the next section expressions for these quantities w111 be developed.

IV. CROSS SECTIONS AND REACTION RATES

In appendix C the general expressions for the electron excitation
and ionization rates (egs. (C-7) and (C-8)), are developed. The results
are in terms of an integral over electron energy, ¢e, with the cross
section for excitation, S%i, or .ionization, Sy, appearing in the inte-
grand. To carry out the ¢, integrations in equations (C-7) and (C-8)
expressions for the cross sections SJ, and. Sy -must be known. For
ionization by electron collisions of gﬁé metals to be considered (Mg, Ca,
Sr, and Ba) experimental values of the cross section as functions of elec-
tron energy are given in reference l4. From threshhold (¢, = Ey p ), the
cross sections increase rapidly.to some maximum and .then begln to decrease
slowly as ¢, increases. Since we will be comsidering electron tempera-
tures below the value of ¢ for maximum cross section, a linear approxi-~
mation to the initial portion of the SI versus ¢, curve was used to

1
calculate zeo.

©-

Ky
| v
=

= l -— . A
SI aeo(¢e EI.P.)

]
la~]

(12)

| A
=

o
-
[a°)

The quantity al is the slope of'tﬁé initial portion of the Sy versus
¢e curve, Substituting equatlon (12) in (C-8) and integrating results
in the following

- €y p, g -
: 8kT.. [2xT N - wr
-a' —elffe g _|e Kl (13)
eo \/mm, q I.P.

In the case of electron excitation the Bohr-Thomson approximation
for the cross section was utilized. Experimental values for these cross
sections are not available. The Bohr-Thomson approx1mat10n used is of

- _.the following form (ref. 15).



J _ - s

e1 =0 (Ej Ei);’¢e

i _% (' 1 1 ) .
S, = \s—% -5+ (E, - E,))<¢ < (E, , - E,)

ei . ¢e Ej Ei ¢é j i e j+1 i

o
i (o) 1 1 A)., . o
S = \T— - $ > (E,,, ~ E,) - (14)

The parameter o, = 6.513x10718 v2p2 ip equafion (14). Using equa-—
tion (14).in (C-7) yields the following result.

: q(E,-E.) q(E,. ,-E.)
1/2. o - — 1 (E —E) ____J+1—1-
P IR P 7 ( q ) o . KT T MY T kI
ei Y ™, kTe (E - E. ) (Ej+1 - Ei)

q(E - E, ) q(E - E; q(E,,, - E.) |
S ) o
R ' Te

The term Ei(x) is the exponential integral.

Fi(x) = A 9;— du (16)
) } o _

Equations (13) and (15) give the electron inelastic collision rates
utilized in the solution. Since the Bohr-Thomson cross section for elec-
tron excitation is usually larger than the actual cross section (ref. 15),
we are overestimating the effect of ‘electron collisions in. the production
of excited states of the metal ion. Similarly, since our approximation to
the ionization cross section is larger than the experimental value we are
overestimating the production of ground state metal ions. Overestimating
the electron excitation and ionization rates.underestimates the possibility
of -a population inversion by charge exchange. This is so because the elec-
tron processes drive the metal ion level densities toward their equ111br1um
values thus eliminating the inversion. :

The calculation of the charge exchange rate, &Ao’ is carried out in
appendix D. In making the calculation a linear approx1mat10n for the
cross section was utilized. :

_ Gf = ar BT : -
: SAo aAo¢ + bAo. o : (;7)

Where azo and on are constants and ¢ 1is the relative energy,
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1 A% 2
2% +u 8 a8
A o

q¢ =

Values for arO and- br were obtained by fitting equatiom (17) to the-
data of references .16 ang 17 Slgce the duta is for perfect resonance
(A=B,AE=0 in eq. (l)), we m&ll be overest1mat1ng the charge exchange
rate. From equation (D-6) of appendix B and using the approximation

kTA kT
>> —2 ye obtain the following expression for & .
m m Ao
A o
2
kT, m ~s
Zo m A+°m ) erf s(s + %—s_z + 3) + & (s + —-srl)
1% vV
s-2 eq82 -1
+ bY |erf s(} + ———)-+ s (19)
Ao 2 Jr
T
Where,

<V
+

(20)

= V. - OI

2kTA 2kTA

A VmA

and erf s is the error function defined by equation (D-8). The quantity
v will be referred to as the slip velocity since it indicates how fast
the inert gas ion beam is.''slipping' through the metal atom gas.

_ ' J - -

The average relative velocity terms ggl and . gzo are calculated

using equations (B-3a) and (B-3b). Substituting equations (13) and (15)
in equation (B-3a) and performing the integration yields the following

L . - - -
.7 _2 A, - B allyy, - E) B B A
T 6 T , , (21)

g 4 _
3k Sei 3 el e ‘kTe . Ej+1 Ei

Where,

12 +x@ - 2) - z]ex- [1+y-xle” (22)

9 (x,y,Z) — =
e - ze 7 - x[Ei(x) - Ei(y)]
and Ei. is the exponentlal 1ntegra1 defined by equatlon (16). Also, if
equations (12) and (13) are substltuted in equation (B-3b) the follow1ng
" is obtained.
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— :
m qE : -
e 2 _ 2 ) I.P.
3k Beo ~ 3 Te% < kTe > : (23)
Wﬁere,'
6 + 4x + x2
ez(x) = —— (24)

2 +x

Equations (21) and (23) were used in equation (B-5) to complete the elec-
tron energy equation.

V. MODEL FOR METAL ION

There are many possible metal-inert gas systems where charge exchange
may-produce an inversion. However, the only system that is numerically
evaluated in this stﬁdy is calcium-xenon. A model of the calcium ion used
in the analysis is shown in figure 2. Wavelengths for all the allowed
transitions are given in nanometers and were obtained from reference 18.

. Only the 5s level has a near resonance with xenon ions [AE = -0.45 eV
in eq. (1)]. As a result charge exchange will populate only the 5s
level. This should be an advantage over other systems (refs. 1 to 8)
wher e several levels have near resonances and thus will compete for charge
exchange populatim. '

As can be seen in figure 2, the two 4p, 5p, and 4d levels are
nearly the same in energy. Using equations (A-3) and (A-6) we.can write
‘the net electron collisional excitation rate between two of these adja-
cent levels as follows,

] q(E;-E,)
j = j - _i kTe 1
Pe1 ® Mefei (™ "3 g € i>1 (25)

Referring to equation (15) we see that if E, ~E. then mii -+ o, There-
fore, in order that the term defined in equa%ion %25) remains finite the

following condition must be satisfied..

. q(E.—Ei)
i, -n, =& & L (26)
i J 8.
]
Thereforé,
}q(E]-Ei) _
&y " kTe : i
n, =n, —e x n, — (27)
i 4 g
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which is just the Boltzmann equilibrium relation (eq. (A-6)). For the
adjacent 4p, 5p, and 4d levels .equation (27) was used to relate the
densities. As-a result the system of equations to be solved consists of
N - L differential equations for calcium ion level densities, a differ-
ential equation for xenon ion density, a differential equation for cal-
cium atom density, a differential equation for electron temperature, and
L algebraic equations for calcium ion level densities. The total number
of calcium levels is N =8, and L =3 is the number of pairs of ad-
jacent levels where the approximation given by equation (27) is used.

The transition probabilities for the allowed transitions obtained
from reference 19 are presented in table II. Also appearing in table II
are the ionization cross section coefficient, a,, and the charge ex-
change cross section coefficients, ai and bg . The superscript 4
refers to the 5s upper laser level. These coefficients were obtained
by fitting the data of references 14 and 17. We can expect to find in-
versions between the  5s 1level and the two 4p. levels. Inversions on
these levels would produce lasing at -373.7 nm and 370.6 nm.

VI. RESULTS

A numerical solution of the equations was carried out on an IBM
7094 computer. Numerical approximations to the exponential integral, Ei,
appearing in the excitation rate expression (eq. (15)) were obtained from
reference 20. .

There are two important parameters that result from the calculations.
The first is the gain defined -as follows,

=]

n, _
G =— - = (28)
8u gl

The subscript u denotes the upper laser level and £ denotes the.lower
"laser level. For G > 0 an inversion exists and the gain coefficient,

@, can be calculated using equation (28). For a Doppler broadened line
the gain coefficient is given as follows (ref. 21),

m

: 1 0 2.3
o = — g AAG
, 8n3/2 2kTB uu
or, in'MKS units,
o = 1.741x1072 ”T—; g a¥a3c o7t (29)
o B uu

The term m is the mass of an atom of the lasing gas, TB is the temper-
ature of the lasing gas, - is the degeneracy of the upper laser level,
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A& is the transition probability for the laser .transition, A is the
wavelength of the laser transition, and My is the atomic weight of the
lasing gas. The value of o for 1015 < G < 1016 =3 and T5 = 1.eV
in. the calcium~xenon system with A = 3737AP is 0.15 < a< 1.5 m~

and with A = 3706A°, 0.08 < a< 0.8. -

The second important parameter resulting from the analysis is the
inversion time, tv. This has been arbitrarily defined as the length of"
time the gain, G, remains greaterrthan.1014mf .. The investigation con-
sidered the effect of the initial conditions, (Tg)i-, and (ng)i=g, as
well as slip velocity, v, and charge exchange cross section coefficient,
bio, on the gain, G, and .inversion time, 7. For all cases investigated
so far the xenon ion temperature. has been arbitrarily set at Tyxe = 0.1
(Te)t=o' -Also, the .effect of the radiation field has been neglected,

(Ty + 0). Finally, all densities except calcium atom density, ng, and
xenon ion density (nxe) are zero at t = 0.

.As mentioned .before, inversions can.occur'between the 5s level and
the two 4p levels. Since the densities of the two 4p lower laser levels
are related by equation (27) the gain, G, and inversion t1me, T, for each
of the laser lines will be -equal . (see eq. (28))

Figure 3 ShOWS, G as a function of-time for three different ini-
tial electron temperatures. The gain increases to a fairly "flat" maxi-
num-and then decreases. For (Te)t =0 % 3 eV a plateau occurs in the
gain vs time curve.. However, for large electron temperatures this pla-
teau disappears. We see that the inversion time is:semsitive to initial
electron temperature while the maximum gain is almost independent of
(Te) . These results are as .expected. It is the electron temperature
that drlves the level densities toward their equilibrium values by elec-
tron.collisional excitation and thus destroys the inversion.' Thus, the
inversion time should depend strongly. on.the electron temperature. The
maximum gain, however, is directly proportional to the maximum upper
laser level density. Since this density depends mainly on the -charge
exchange mechanism, which is independent of Tg, we do not expect the
maximum. gain. to -depend strongly on Te.

The sensitivity of inversion .time, T; to initial .electron tempera-
ture is shown in figure 4. We also - see that 1T is much less sensitive
to the initial calcium atom density, (ng)t=q, than to electron tempera-
ture. An electron temperature, (Te)i=o = 0.7 eV, was the smallest value
used in the calculations. Although Tt  appears to be increasing as
To = 0, we expect this trend to reverse for very small electron‘temper—
atures. As Ty -+ 0, the deexcitation rate, kgi > ®. Therefore, the
upper laser level will be collisionally deexcited so fast that an inver-
sion will not. have time to form and T + 0. A complete explanation for
the minimum that occurs near (Te)t=o = 1.5 eV has not been found as yet.
This minimum disappears as (no) . is decreased. The inversion time !
decreases rapidly from (Te) =y ~ 2 eV to (Te)=y- = 5 eV. Then the de-
crease is much slower and appears to approach an asymptote of about 10~
second. Figure 5 shows the dependency of 1T on the initial calcium
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atom density, (ng)i=o- An increase of 1019 to 1021 in (n )t_ decreases
the inversion time by a .factor of approx1mate1y 10.

The .maximum gain, Gnax s depends strongly on .the initial ca1c1um atom
density, (no)t_ . Figure 6 shows this dependence. As mentioned earlier,
the maximum gain depends'on .the .charge exchange mechanism. From equation
(A-9) we see that the charge exchange production term depends linearly ‘on.
Ny, Nxe, and. 220. As a result we expect a strong dependence of Gpax
on these quantities. Since_ the slip velocity, v, is greater than the
xenon ion thermal speed, V2kTyxe/mye, the charge exchange rate, Rﬁo; can.
be approximated by equation (D-9).  Therefore, zﬁo is directly propor-
tional to v. And since ap,  1is small, Qﬁo is dlso directly propor-
tional .to 'bﬁo. Therefore, changing either (no)t_o, (nxe) t=gs V» OT
bﬁo will produce the same effect on the maximum gain: Figure 7 demon-
strates this conclusion. A change of a factor of 10 in either (ng)¢=o
or V. produces nearly the same change in Gp,y.. A plot of Gpzx vs
bﬁo or Gmax Vs (nxe)t— would show results.similar to those of fig-
ure 6 or 7. :

Although not shown in this report, the analysis predicted the fol-
lowing results for .electron temperature. For (Te) =0 < 5eV the elec¢-
tron temperature remains. nearly constant with tlme. At (T ) —n =.5eV-
the temperature decreases by less than'5 percent for the tlme 1nterva1
0 <t < 1. For'larger initial electron temperatures the decrease becomes
significant. When (Tg){s, = 20 eV . the electron . temperature decreases by
25 percent for the time interval. 0 < t < T.

VI. CONCLUDING REMARKS

Results obtained.for .the:.calcium-xenon.charge.exchange. system indi-
cate max1mum gains of -10: 15.10*/ m™3 with inversion times of 2x10-8 -
8x10~7 second. In obtaining.these results the effect .of the radiation
field (stimulated .emission) has been ignored. .Including the radiation
will certainly reduce the gain.

The inversion time, T, is determined mainly by the electron colli-
sional processes and thus by the electron temperature. For electron '
temperatures greater than . 2eV, 1 decreases rapidly. Maximum gain, Gp,x,
however, is nearly independent of .electron.temperature .and depends mainly
on the charge exchange mechanism, . As a result, .increasing .either the in-
itial xenon ion density, initial calcium atom density, slip velocity, or
charge exchange .cross section will yield the same increase in the maxi-
mum gain.

As pointed .out previously, we .are overestimating the charge exchange
rate by using the resonant ecross section. to. approximate.the near resonant
case. .Therefore,'the_results.for maximum:. gain-are optimistic. Also,-
however, the Bohr-Thomson .cross section .used overestimates the electron
excitation processes. As a.result.the .inversion times-calculated in the
analysis are underestimates .of actual .inversion times.
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Consider how the results apply to .the MPD arc system descrlbed in
figure 1. As mentioned .in the Introduction, the model used should ap-"
proximate only the initial interaction between the xeron ion beam and
the neutral calcium gas cloud. An estimate of the length of the initial
interaction for G > 1014 m 3:_is given by the product ‘of the inversion
time, 1, and the slip velocity, v. Therefore, from the results we ex-
pect the initial interaction to have lengths the order of 0.05 - 1 cm.
The inversion will not necessarily. disappear after this initial inter-
action in the actual.system, however. -Since.the xenon ion beam will
continue to penetrate -into the calcium clqud,.we.WOuld expect. the inver-
sion to be maintained until the calcium cloud is completely penetrated
by the xenon ion beam. The-.gain, however, will be less than the gains
calculated for the .initial .interaction reglon.
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APPENDIX A ~ DEVELOPMENT OF PRODUCTION TERMS FOR iTH
LEVEL CONTINUITY EQUATION ' '

1. Collisional Electron Excitation

Population of the ith 1level occurs as .a.result.of both collisional
and- . radiative effects. We consider two. possible .collisional mechanisms
for exciting the. ith . level; electron collisions

lej
e + BT‘..__._."’ e + BT‘ : (A-1)
I, * |
el

and if the level is .near resonant then charge,excbange-described”by equa-
tion (la) is also important: In equation (A—l).Zé. is the electron col-
lisional excitation rate of the . ith level from tﬁe jth level and
kl, is the corresponding deexcitation rate from i to j, (L > j).

The contribution to.the density of the. ith . ~level from the reaction
described by equation (A-1l) .is the following (ref. 12, p. 264).

n n;ll. -n n.kJ. i> 3 ) (A-2)
e jej e iei A :
where n denotes .density and the subscript. e denotes electrons. Term
“(A-2) gives the contribution to.the .. ith. level. .from lower levels (i > j).

Similarly, the. ith. .level contributes .to .the density of all levels above
the ith. :

- (n‘ﬁ.zj{ -n n.ki.) j> i (A-3)

Term (A-3) gives the loss rate of .the. ith level .due to .excitation of a
level j above the. ith 1level, (j > i). . Therefore, .the net production
of .the ith 1level due .to.electron .excitation is. the following.

i-1 N ' o
P1'= Qn n.ll, -n n.kJ.> - <n n.lJ. - n‘n.kl.). (A-4)
e z ; e.jej e iei ': : e i’ei e jej

j=1 S j=it+l ‘

Where N is the total number of excited levels considered. (The ground
state of the metal ion is denoted by i = 1.)

'If~equilibrium conditions exist then the production .rate terms must
vanish. For example, equation.(A-2) set .equal to .zero yields the
following o . ' ‘
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it

(A-5)

eq.

zi- <f.>'
ej n,
| eq.. \ i eq.

At equilibrium the densities obey the Boltzmann relation (ref. 13, p. 63).

. q(E.-E})
n, g. kT
oy 8.

Where g denotes degeneracy, E. is the energy of -a given level in eV, g

is-the magnitude of the electron_ charge (1.6x10717 coulombs), and .k is
the Boltzmann constant (1.38x10~ 23 joule/O%K). .If we substitute equation.
(A-6) in equation (A-5) .the following is .obtained.

(A-6)

_,q(E.fEi)
g kT
kj =2 e e (a-7)
ei eq ej 8y :

Using the usual assumption that equation (A-7) holds away .from equ111b—
rium we can replace kjl; and. k in. equation.(A-4) by equation (A-7).
Therefore we get the follow1ng ‘ o

B _ qu , : qE.‘
KT i-1 p—
. : e . . kT .
P°=n - = 'n L g.e. e
e. e j ej 8y i ej®y
‘ o qE . qE
‘ : _ i il
_ N j kTe N 31 j kTe »
w-,ni'l E ILel + §.€ : § : g. "Q‘eie t : (A"'B)
j=i+1 j=i+l J -

Equation (A-8) gives the production rate for the

ith level as a result
of collisional electron excitation. ‘

2. ChargeAExchange'Exoitation

_ If the. ith level -is in.resonance .or .near .resonance with the'lnert‘
_gas ion, ‘then: charge exchange will -also, contribute to the production of
the ith level.
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i .
Pa ™ nA,noZAodrl S (a-9) -

Where np 1is the density of the inert gas ions and 'n, is the density
of the ground state of the metal atom. The subscript r denotes a level
in resonance or near resonance with the inert gas and 6,5 = 0. if r #1i
or Gri =1 1if r = 1.

3. Spontaneous. and Stimulated Emission

Radiation ‘effects contribute-to .the density of the ith 1level by
way of spontaneous emission and stimulated emission and absorption. The
net contribution from radiation is.given.as.follows (ref. 12, p. 320)

i-1

i L ody - moads ol - n Al
Prag © E [nijq’ (vi) - o B (V) niAi]

j=1

| N. '
E _ LPRE i, 3¢ i -~
+ [: nibe(vj) + nij¢(vi) + njAé] (A-10)

j=i+l

The term A is .the spontaneous emission coefficient (or transition

probabllity} with .the -units of sec'l for spontaneous emission from the-

ith - level to the jth .level. The stimulated emission or absorption co-

efficient for stlmulated emission. or .absorption. from the 1ith level to

the jth 1level is denoted by BJ . It has units  m# /Joule sec. The ra-

d1ation field energy flux per frequency interval (Joule/mz) is given by
(v%) where :

h - = - -
h\)i—q(Ej E,) _qlEi Ejl | (A-11)

The first sum in .equation. (A-10) gives .the .radiation.contribution to the
ith level from all levels below .i. The.first .term . in. the sum being
stimulated .absorption where .a lower. level is. converted to the dith 1level,
the second term is stimulated.emission where.the .ith .level drops to a
lower level, and the last term is spontaneous-emission-where the dith
level drops to a lower level. The last .sum. in equation (A~10) gives the
radiation contribution to the .ith. level from all .levels above i. Each
term has a meaning similar .to those in. the .first sum except that i now
replaces j as the lower level.

For an accurate solution.to the problem the .radiation field energy
flux, ¢.(v), should be coupled to.the densities .of .all species through a
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radiative transfer equation.. However, to‘éimplify the problem the fol-
lowing form for ¢ (v) was. assumed. : :

. J' -1
3 /By
2hvi KT_
——le T-1 @+ ycujs

’ ¢(vi) = (A-12)

: 01’
c
In equation (A-~12) ¢ is the speed of light and. sij»= 0 for 1i# 3

and 833 =1 for 1 =j. The subscripts. u and. 2 denote levels where
a population inversion .exists. . Thus, .u" .represents the .upper level and

% the lower-level .of the .inversion. .In choosing.equation (A-12) for

¢ (v) we are assuming the .radiation field. has.a.Planck distribution ref.
13, p. 721) in frequency .and-.can-be.characterized by some radiation tem-
perature, T, (ref. 12, p. 320). In addition, .the Planck distribution has
been multiplied by: the .factor (1 +‘y6uj611).where' Y d1s a constant. This
factor is added to .account for an increase in radiation energy density
that will result .if lasing-occurs..on. the .transition: u= &. Both. y and
Ty are treated as constants.in the analysis. :

To simplify equation . (A-10) .we use equation (A=12) for' ¢ (v) and the
Einstein relations (ref. 13,Ap. 722),

g . 2
pt o Lgd-  pla S _l (G >1) . (A-13)
j g 1 ] 331 ;
b 2hvy

where g:. 1is the degeneracy of the ith. level. Using equations (A-11),
(A-12), and (A-13) .in.equation.(A-=10).yields .the.following result.

N N i
Pt - E "5 A"+‘¢§ : A Y00)
rad i3 [/ expla(Ej = Eq) /KT ] - 1
j=i+l j=i+l
i-1 3 i-1
‘g E . nA Y YO0y W
i [/ g lexplq(Es - E5)/kT,] - 1} i i
= 3 =
j=1 i=1
i-1 : N i
. Ai(lA+ YGuiGRj) L1 §:> ngj(l +¥8,5855)
: >exp[q(Ei - E§)/kTy] -1 gy exp[q(Ej - Ej)/kTy] - 1
i=l o : S e | .

; (A—i4)

Equation (A-14) gives the .production rate. of .the 'ith:. level by spontan-
eous emission and- stimulated emission and absorption.
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'APPENDIXVB‘- ELECTRON. ENERGY EQUATION

From equation (56. 2) of reference 12 we obtain the following electron
energy equation.

R L ' (T, - T)
3pk—2=-3pk|—24+3 .vr |- >K s el
2 7e gt 2 e 3t e e es m

s _ s
q(E;-E,)]
N N-1 . e | Y
g, kT m

h| i e e 2 3 )

-n L n,-—n,e e - g . - 5 kT
e eilj’i g 2 Sei- 2 e

y=i+1 d=1 J

] .
_-nezeoto -, ')(81] - g k - (B-1)

Where, the first term on the rlghtéhand side .of equation (B-1) is the
elastic electron collisional energy transfer rate. The second term is
the energy transfer rate due.to .electron excitation collisions of the
metal ion, (eq. (A-1)). And the.third term is.the energy transfer rate
resulting from electron .collisional ionization.of neutral metal atoms.
Other terms appearing in equation. (B-1) are the following.

A 8kTe |
es 3 Tele”s ™ Oes (B-2a)
- s [ 3%
1 o 2 kTe
qes = 5- (i—kTe> Ges.q)ee ' d?bé, . - (B-2b) -
o ' B U0 | |
3/2 3/2 . kT
& 82 - = () (@ slgle  Cag (B-3a)
el el Jom \Be/ kTe. . el o . e . ) .
_: | . | |

- ® KT
B _ ‘ 2 e  (B-3B).
21. 2 8 _3.3/2';3_ 3/2. Si¢ee d¢e' (B-3b) -
quep f'/f? m, 'kTe J i . e R
o o Jy ,
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Definitions of these terms are obtained from reference 12. Three cross.
sections. appear in equations (B- 2b) and (B-3b). = They are the elastic
momentum transfer cross section, oes’ for colllslons between electrons
and species s, the inelastic excitation cross sectionm, sl , for produc—
tion of level j due to . collisions between electrons and ~level i, and

the electron ionization cross section, Sy, for the metal atom. All of
these quantities are functions. of electron energy, ¢.. The term,

gel, is the average of the square'of the relative velocity between the
electregs and level. i part1cles that take part in excitation of 1evel .

"Also, ggo is a similar average square.veloc1ty for electrons and neutral

metal atoms that take part.in ionization. At equilibrium the following
condition holds for a .reaction.like that described by equation (A-1).

mg T

Also, at equilibrium
m .Lj - Lf .
e e
2 Beo T 2 Bel + EI.P. ) - (B-4b)

The quantity (Ej,- Ei{) ié:theLegergy required.to .produce level Aj by

excitation of level i and g is .the average of the square of the
relative velocity between.the eiectrons_and level. .j° that result- from
the excitation regctlons.“ The ienization potential of the metal :-atom-

is Ep,p, and gzl is the average .square .relative velocity between
electrons and ground state.metal ions that result from ionization. In
obtaining equations .(B~1) through (B-3) the following approximatlons
were .made.

KT, k'ft
l.m +m_xm_, ... — >> —
t t m m
e t.
2 o . .
2, kTe >> mv, _(vt is average velocity.of species t)

3. Equations.(B—4a) and (B-4b)

V4. Heat cehduction negligible

5. Velocitf gradients negligible

Referring to. equatlon (B~ 2a) we see that the elastic transfer rates
(flrst term on right-hand side) will be.proportional to .the mass ratio, -

me/mg. Since the mass ratio is .small the elastic energy transfer rate’
was neglected . As alresplt.equatlon (B- l) .becomes the,follow1ng
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kT
e

d

‘_, —
o |[m ) :
e 2 _ -
oIEo - nenlké;, [31( eo TJ - (B 5)~
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APPENDIX. C. - ELECTRON EXCITATION AND' IONIZATION RATES
A general. expression for the production rate of species r as a re-

sult of collisions between.species’ s and t- based on the Bhatnagar-

Gross-Krook model .for the Boltzmann .equation .is given in reference 12
(p. 267'268),

T 2 8
Qst =& __ 3/2 3 f f f St(g)explig—+—gv—2—s-— sin 6 d6 d ¢dg

(c-1)
Terms appearing in equation .(C-1) are the following
- >
\4 ='.|Vt - vsl - relative. average velocity (C-2)
> > N e e
g = Ict - cs| . — relative velocity between colliding
pair of particles (c-3)
2kT 2KT
2 = S 4+ t . - (C-4)
m m

. . r ; . .
The cross section for. the reaction, Sg¢, is-a function of the relative

velocity, g, only. As a result the angular integrations in equation
(C~1) can .be performed.

v2' 2gv 2gv 2
- — o0 - . —g
2 2 2 )
r e % 2 ¢ @ ol T 4 ©(C-5)
L = g \e - e e g -
st voy T ' st

0

Consider. equation (C=5) for .electron excitation or ionization col-
lisions. - In this case,

kT th
€ DD m——
T e

and



X z_.l__ << 1
* 2KT
€
m
e

As a result the exponential terms in equation (C-5) can .be approximated

(C-6)

to

(C-7)

by
2gv :‘_ng
2 2
e & -e ¢ :',Z(g-gx)
2 .
o
Using equation (C-6) in (C-5) and .also changing .variables from g
electron energy q<l>e = %—megz yields .the following results for excita-
tion and ionization.
3/2 1/2 : “®T
J 8 q 9 j Te
fei = TT-T— 2kTe m, ) $e5e1® dq)e
o .
o EU
\ 3/2 1/2 T
Goosfa) (e ¢ S.e = Sd¢
eo VF Zk'l'e m eI e
0
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APPENDIX. D - CHARGE EXCHANGE RATE

We begin the calculation of the charge exchange rate by rewriting
the general ratelequation (eq. (C-5)) in the following manner:

. 2 2
» _ (v-g) © _ (vtg)”
2 dz r , 2 az T
ge . - SA dg - ge S, .dg (D-1)
o . 1 N
0

Ao

0

Now-make the following:variable changes.. In the first integral let
'y =v.- g and in . the .second.integral let .y =.v +.g.  Also, use the
condition that SKo(g) = SXO(—g); since .it.is a function of relative

1. %A% - 2
enerey, S n +m -
: A 0.
[ 2 2
. _J_ « A
f 1 2 : r (3 r '7a2
= 1 < , - -
QAo = v SAOe dy - 2 . SAoe dy
oA /il :
_oo' v . d
- ¥
8 2 o 2
. - X Y _,25
r
1 vl @ dy -.2 S, ¥ _ o dy
+ v Aoy e . Ao’ e
'V
~ - =~
. 2 7]
R A ® - L .
-2 st O?d -2 st ye: °‘2d & (D-2)
AYe yo= 2. | s,ve y )
—c0 - v
— sy,

To proceed further an expression for the cross section, SZD must
be known. As pointed .out.in the Cross Sections and Reaction Rates sec-
tion, a linear approximation was used.for..S},. From equations-(17)
and (18) ‘

r _ ar 1 2
Ao TAo 2q HE

T
S +b,

where the reduced mass-is given by
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““‘A‘“o |
SN . (>-4)
A o ,

In obtaining equation (D-2) we have used a change of variables such that
g2 = 2 - 2yv = .v° As a result, the cross section to be used in equa—
tion (D—2) has the follow1ng form.

, r _.r u .2 _ 2 r ' N o
. ,SAo aAo 2q.(y 2vy + v') + b (D 5)

Ao

Substituting equation.(D-5) in. (D-2) and integrating yields the
following result.

2
2 . . - . =S . 1
zzo=v_1‘;—a; erfSSz+%Sz+'3 + 2 s+%sl
Y AR
| 572 -s* -1
+b lerfsl1+2—]+&—s"|  (D-6)
Ao ) 2 /T
Where,
Y .
5§ == (0-7)
and
S ,
. - 2 ’ N
erf § = —2— e ® dx ~ (D-8)

It is interesting to look at two limiting: cases for equation (D-6). When
the difference in average :velocities, v, is large compared to the average-
thermal speed, o, then S + * and equation (D-6) becomes the following.



26

T —>'+. > —»é ' ] '+‘+
L, = lvA - vol %% IVA - vol'azo +'bzg}, v, - le >>

When o >> v, equation (D-6) becomes the following.

oo Bk(TAmq + TomA). 2k(TAmo + TomA) af +-br.
Ao ' n(mA + @o) q(mA + mo) Ao Ao

|—> >
Va TV

For the case '§ + =, the chafge exchange fatg'is;directly'proportional,to
the difference in average velocities. When 5 0, the charge exchange:
rate is directly proportional .to the-averagevthermal-speed.
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TABLE I - POSSIBLE CHARGE EXCHANGE LASER SYSTEMS-

Upper Laser Level. Laser Laser Energy | Efficiency,
Pumping Reaction Transition. Wavelength, | defect, hc/kI.P.A
A, AE,
nm eV
5825 > 4pZP. . 370.6 -0.451 0.27
+ . + S, 1/2 P 1/2 . .. . .
Xe +Ca > Xe + (Ca )u_ 2 '2 : _
5s sl/Z 4p P3/2 373.7 -9.451 0.27
2 . 252 .
N . . 3p Pl/2 3s 81/2 280.3 0.0615 0.36
Xe  +Mg > Xe+ (Mg') . )
3p P3/2 3s 81/2 279.5 0.0501 0.36
2 2 3 _ '
5d D5/2 S5p P3/2 346.4 0.182 0.29
Xet +5r > xe+(sch) | 542D 5p2p 347.5 [ -0.17 0.29
. u’ - 73/2 3/2 . T * *
2 : 2 ~0.17 -
5d D3/2 5p.Pl/2. .338.1 0.17 Q.30
20 2 e o |
5f.F5/2 6d.D5/2 889.6 =0.197 0.1}
+ +, : ‘ L
2 2p. -
Xe +Ba > Xe-k(Ba )u 5f F3/2 6d.D3/2 873,4 0.197 0.11
2 2 g -
5f 37/2 6d D5/2 . 870.9 0.227 O.?.l
2 2 . o i
N . 4s Sl/2 3p P1/2_ 292.9 0.542 0.27
Ar +Mg -~ Ar + (Mg )u ) . 4
) . 4s 81/2 3p P3/2. 293.6 -0.542 0.27
2 2 _ ‘
.\ . 4f F7/2 4d D5/2 892.7 ’ O‘.002. 0.09
N" + Ca > N+ (Ca) 2 o ' R ' :
: . 4f F5/2 4d D3/2 = 891.2 . -0.002 9;09




28

ov

u b. 4 =
B 0ty = °a
>m\mEHNN 0TX86°7 - = oMm 1SIUSTOTIIS00 UOTIOIS SS010 98ueyoxa 981yl
>m\wa‘oN 0TX%G*(Q = 0% {JUSTOTIIS0D UOTIDeS $5010 UOT3IBZTUOT
_ _ _ oT3eZTUO
y IS L g | “/%q,dg
z 0S¢ r | YTy
ns'2 9 670°L | 9 | %/ Sappy
(82°0 |2tz 7 o0 | s | Yoy
Ts7.] s°zz z tove | v | ¥ Ts,sg
69¢ | 0°T9 | 6v1 y 13 ST B AP
TTE | 279t z szre | ¢ | Y Tapay
€T | €T z 0 1 N\ﬂmqu_
g=d|s=dlo=v{c=u|v=xle=ulz=ult=1 |
AR
o9s ¢ Loaxm< 13 .um. 1
‘£3TTIqRqO1g ¢0ﬁmﬂmamua aATIRIpP®RY ‘AoeasuaBaq | “A3asuy | Tesae | o3RI

NOI THAOW WAILJTIVO Y04 SYALARVIVd - 11 FTEVL




10.
11.
12,
13.
14.

15.

16.

29
REFERENCES

McGowman, J. W. and Stebbings, R. F.; Appl. Opt. Suppl. on Chem. -
" Lasers, 68 (1965). -

Jensen, R.. C., Collins, G. J., and Bennett, W. R.; Phys. Rev.
Letters, 23, 363 (1969).

Collins, G: J., Jensen, R. C., and Bennett, W. R.; Appl. Phys.

Letters, 18, 282 (1971).

Riseberg, L. A. .and Schearer, L. .D.; IEEE .J. Quantum Electronics,
QE-7, 40 (1971).

Collins, G. J., Jensen,,R.'C., and Bennett, W. R.; Appl. Phys.
Letters, 19, 125 (1971).

Silfvast, W. T. and Klein, M. .B.; Appl. Phys. Letters, 17, 400
(1970). ’

Klein, M. B. and Silfvast, W. T.; Appl. Phys. Letters, 18, 482
(1971).

Silfvast,‘w,;T.:and,Klein, M. B.; Appl. .Phys. Letters, 20, 501
(1972). '

Seikel, G. R., Connolly, D. J., Michels, C. J., Richley, E. A.,
Smith,..J. M., .and .Sovie, .R. J.; NASA SP-226.(1970); p. 1.

John, R. G.; "Physics .of Electric Propulsion," McGraw-Hill, New
York, N.Y., .1968, pp. 235-253.

Michels, .C. J. and .Sigman, D. R.; ATAA J..9, 1144 (1971).

Burgers, J..M.; ."Flow .Equations for.Composite .Gases," Academic
Press, New .York, N.Y. (1969). :

Fowler, R. H.; "Statistical :Mechanics,' Cambridge University Press
London . (1966). }

-Vainshtein, .L. A., .Ochkur, V. .I., .Rakhovskii, .V.. I., and Stepanov,

A. M.; Soviet.Phys. .- JETP, 34, 271 (1972).

Ochkur,. V. .I., .and Petrun'kin, A. M.; Opt. Spectrosc., 14, 245
(1963). ‘

:MEDaniel,»E;.W.;."Collision,Phenomenawin;lonized.Gases,"~John;Wiley &

. ‘Sons, New. York (1964), p. 164.



17.

18.

19,

20.

21.

30

-Smirnov, B. M., and Chibisov, M. I.; Soviet.Phys. - Tech. Phys., 10,

88 (1965).

Striganov, A. R., and Sventitskii, N. .S.; '"Tables of Spectral Lines
of Neutral and Ionized Atoms," Plennum Press, New York (1968).

Roberts, T. G: and Hales, W.,L.;.U.Sw.Arﬁy.Missile Command, Redstone
- Arsenal, RR-TR-62-8 (1962).

Abramowitz, M. and Stegun, I. A., eds.; '"Handbook of Mathematical
Functions .with Formulas, Graphs, .and Mathematical Tables,' NBS
~ Appl. Math. .Ser..55.(1964), p. 231.

Lengyel, B. A.; '"Lasers," John Wiley.&.Sons, New York (1971),
pp. 12-25.



.
INERT GAS IONS, A ' — o EXCITED MEI'AL
IONS, (B™)

NEUTRAL METAL
ATOMS, B

At + B~ ~ A+ (BY);

‘MPD ARC

anure 1. - MPD arc charge exchange laser system.

373.7 nm
LASER WAVELENGTHS { o tam
Syz  Py2 Pz Dyz Dy Fyp Fop
8)'104 :
| & 4

P.xe = L.P.ca = 4.85¢10% cm!

ENERGY, - CM~1

.~

1017

0
\ {e (no)'= =10
q ‘“0 ’ n 102 n°
: AARY Xe

'T‘E ml6 . \&% . ( )"0 )

N ” : ve 2 50t mISEC
2 L"’ﬁ;o Ko\
(L] mls q . q _t=0

| Tr0 '
Sl TR R Y TR )
o TIME, 8 SEC - '

Flgure 3. - Galn Vs S time fo/rl Ca-Xe.

N ve
ORI

ey
. S




INVERSION TIME, T, SEC

107 - .00 3 .
Fe (nxe)tq) 10 m E
v- 2.5x10% misEC o 0
) s .
KTye =~ - fkT F
S - R T i I 5 F .
- q 0 (q =0 £ [ 4.0v
T,~0 . :
- o = E N
= \ (o) 7 100 7 S F 0.4v
- N 2 sl - 100 73
O . = 10
f \,,\.$ . = 4
. e P = = 2.5x10° m/SEC
L (no)H]: 102°'m'3f T — . ' 1014 | . l.
-8 | |- ’ i J o 10‘18 1019 1020 ) 1021
107 5 0 - 15kT 2 T INITIAL CALCIUM ATOM NUMBER
- ; o DENSITY, ,-m
INITIAL ELECTRON TEMPERATURE, (—qﬁ>t , eV ENSI (no)t=0 m |
- o o - : _ Figure 6. - Maximum gain vs initial calcium
Figure 4. - inversion time vs initial electron . E " number density for Ca-Xe.
temperature for Ca-Xe. : : : ‘
25x10 - : ‘
r " (KT, : S
A=) =40v e
) q t=0 o .. ) €
o B v= 2.5x10% m/SEC oy
v L £ 1016
[ kTXQ o
= LA 2
=! ' 20 -3 S
2 =10%m o 15
S W0 . § 10 "X)
@ = e
e e 1019 -3 t=0
s 5L 2 Poho= 07”1 g
- . : . 1014 1 |v||||||I | llllllll 1. l_ll.hl
' 102 10° 104 107
ol—1 llLLll_Jl Latabnl 1ol . - .
. SLIP VELOCITY, v, m/SEC
18 19 2 , 21 +
10 10 104 10 . v
INITIAL CALCIUM ATOM N_lgMBER DENSITY, o : Figure 7. - Maximum gain vs slip velocity for Ca-Xe.

. n5t=o’ m?

Figure 5. - Inversion time vs initial calcium num-
ber density for Ca-Xe. :



