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A uv laser based on resonant photoexcitation is described. This type of laser is a prototype for
0

soft-x-ray lasers in isoelectronic analogs. Intense, Mn vI-line radiation at 310 A from a CO, -laser-

produced plasma was used to resonantly pump C III ions, in an adjacent vacuum-arc discharge, from
the 2s' ground state to the 2s4p upper leve1. Electron collisions rapidly redistribute the population
of the pumped 4p level among other n =4 levels. Enhanced fluorescence coincident with the
Mn vI —line radiation was observed on many 4-3 transitions in C III. To describe the kinetics in C III

ions, a 72-level collisional radiative model was constructed with up-to-date atomic data. Measured
values of electron density and temperature in the C and Mn plasmas were used as inputs to the mod-
el. To verify this model, the populations of excited states in C III ions were measured spectroscopi-
cally and compared with predictions. Gain coefficients of about 0.1 cm were predicted by the
model. These gains were found to be consistent with the experiments. Single-pass gain measure-
ments showed that the total gain-length product was 0.5 in two CIII lines at 2177 and 2163 A.
Laser action at these wavelengths was demonstrated in a resonant Fabry-Perot cavity. This
C III—Mn vI photoexcitation scheme is a prototype for soft-x-ray lasers in higher Z, isoelectronic
analogs, such as Mg Ix —Al XI and others.

I. INTRODUCTION

Much effort has recently been concentrated on finding
suitable processes for producing a laser radiating at wave-
lengths in the vacuum ultraviolet region and below. '

Short-wavelength lasers might find applications in plasma
diagnostics, fusion research, contact microradiography,
and in spectrochemical analysis. There are many ap-
proaches to soft-x-ray lasers. Population-inversion mech-
anisms include direct collisional excitation, " three-
body or dielectronic recombination, ' ' broadband
inner-shell photoexcitation, ' ' and resonant photoexci-
tation. Recently, high gain at soft-x-ray wave-
lengths has been demonstrated in Ne-like ' and Ni-
like, laser-produced plasmas. Inversions between the
2p 3p and 2I' 3s levels in Ne-like ions appear to be driven
by a combination of direct collisional excitation from the
2p ground state as well as dielectronic recombination
from the F-like 2p ground state. The search for a three-
body recombination-pumped laser has produced note-
worthy results in C vI at 182 A, in a laser-produced
plasma, with or without magnetical confinement. A third
approach to soft-x-ray lasers is by resonant photoexcita-
tion of ions in one plasma by intense, line radiation from
ions in an adjacent plasma. In this scheme, electrons are
pumped from the ground state of the pumped species to
an excited state by resonant photoexcitation. Population
inversions can be produced between this excited level and
lower-lying intermediate levels.

Selective photoexcitation offers several advantages.
Population inversion can be effectively enhanced using
selective photoexcitation of the upper level of the lasing
ion with charge state ZI by a broadened resonance line

from ions with charge state Z (Z~)Zt) in a two-
component plasma. For a sufficiently intense pump line,
the pumped level can be driven into equilibrium with the
pump radiation field, and the population of the pumped
level is characterized by the temperature of the pump
plasma, while the other levels of the pumped ion are
characterized by the temperature of the pumped medium.
Because Z &ZI, it is possible to have the temperature
T & TI and to provide significantly higher effective tem-
perature of excitation in the pumped (lasing) plasma.

Optical pumping using intense line radiation from one
ion species to pump a different ion species was first
achieved in 1930. Enhanced fluorescence at 3.2 pm in
Cs I was observed, using 3880 A pump-line radiation
from He I. In 1961, such resonant photoexcitation led to
laser oscillation ' at 3.2 pm. Using photoexcitation of He
atoms and then collisional transfer to the high-lying lev-
els of neon, Lisitsyn, Fedchenko, and Chebotayev re-
ported laser oscillation at 1.8, 1.6, and 1.3 pm in NeI.
The concept was extended to 5461 A in Hg t, using
two-step photoexcitation. The principal difficulty arising
in resonant photoexcitation lasers is to find resonances
between the pump and pumped transitions. These reso-
nances must be within the width of the corresponding
transitions. Poor coupling due to the wavelength
mismatch between the pump and the pumped lines can be
reduced by using an opacity broadened pump line. But
then the efficiency is low because only a small fraction of
the pump line is effective. The first published proposal
concerning the extension of this approach into the xuv
and soft-x-ray regimes is that of Vinogradov, Sobelman,
and Yukov, who in 1975 proposed a number of candi-
date resonance matches between one- and two-electron
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FIG. 1. Schematic Grotrian diagram illustrating selective
photoexcitation Mn vi —C iii laser scheme.

ions of moderately low Z. One of these proposed
schemes uses the SiXIII 6.65-A line to pump AlXII at
6.635 A. Lasing is predicted at 44 A. Norton and
Peacock ' proposed to use the C vI 2p-1s resonance line
at 33.74 A to pump the 1-4 singlet line at 33.43 A in C v
yielding an inversion at 186.7 A in C v. Due to the mag-
nitude of the wavelength mismatch, additional broaden-
ing of the pump line was required. It was suggested that
opacity would lead to linewidths great enough to over-
come the mismatch. Bhagavatula suggested using C Vr to
pump Mg xi' with lasing at 130 A. Several other reso-
nant photoexcitation schemes in H-like and He-like ions
have been proposed' and analyzed, and some experi-
ments ' have been reported. Recently, Krishnan and
Trebes proposed a class of photoexcitation lasers in Be-

0
like ions. Quasi-cw lasers with wavelengths from 2177 A

0
in C III pumped by Mn vl —line radiation ta 230 A in

Mg IX pumped by Al XI were identified, in an isoelectron-
ic sequence. Since CIII is isoelectronic with MgIX, the
collisional radiative kinetics elucidated by this research
shed light on possible soft-x-ray lasers in Mg IX.

Figure 1 illustrates the principle of resonant photoexci-
tation. Intense Mn vI —line radiation at 310.182 A pumps
the C III ions from the 2s ground state to the 2s4p upper
level. The 0.012-A wavelength mismatch is small enough
to be overcome by Doppler broadening of the MnvI
pump line. For intense Mnvr —line radiation, inversion
occurs in C III between 4p and 3d, and a laser is possible
at 2177 A. Collisions in the CIII plasma may rapidly
thermalize the n=4 level populations. In this case, gain
is also possible on other n=4 to n=3 transitions as
shown in the figure. In the experiments, the CIII ions
were produced in a vacuum-arc discharge with electron
temperature of 4 eV and electron density of —5X 10'
cm . The pump Mn vI —line radiation was produced in
a dense and hot laser-produced Mn plasma adjacent to

the C plasma. Photoexcitation was inferred by monitor-
ing enhanced fluorescence on the n=4 to n=3 transi-
tions. The lifetime of the upper n =4 levels is longer than
the lower n=3 levels so that quasi-cw population inver-
sion can be expected on n=4 to n=3 transitions. With
this as an introduction, let us turn to the substance of this
paper.

The rest of the paper is organized as follows. In Sec. II
a computer simulation of the MnvI —CIII scheme is
presented. The object of this model is to provide design
criteria for an experiment to demonstrate a photoexcited
laser in C III. Ionization charge states of carbon ions are
calculated by a modified coronal model. A 72-level col-
lision radiative model is developed for C III ions in excit-
ed states. The model is extended to take account of the
selective photopumping from a Mn pump plasma by in-
cluding stimulated emission and reabsorption due to the
Mn vt —pump-line radiation (with an estimated 20-eV
brightness temperature). Using this model, the optimal
conditions for population inversions in C III excited states
are obtained. Section III presents a spectroscopic study
of the carbon discharge. Measurements of electron densi-
ty and temperature in the C plasma, using line profiles
and absolute intensities of emitted C II and C III lines, are
discussed. The collisional radiative model is compared
with absolute-intensity measurements of some C ?II lines.
Section IV describes the experiments conducted for
measuring fluorescence and gain. Laser action at 2177
and 2163 A in C III is described. In Sec. V the results ob-
tained are summarized and their implications for future
work are discussed.

II. MODEL OF THE Mn vr —C rii
PHOTOEXCITATION SCHEME

To achieve population inversions the plasma condi-
tions required for the carbon and manganese plasmas are
quite different. In the C plasma most ions should be in
the CIII ground state, while in the pump Mn plasma,
most ions are desired in the MnvI charge state. One
must determine what densities and temperatures in the
two separate plasmas would provide ideal lasing condi-
tions. Determining the conditions for population inver-
sion requires the investigation of the CIII level popula-
tions prior to and during photoexcitation. To provide
this information, the kinetics of the pumped carbon plas-
ma are studied by a collisional radiative model, in which
the plasmas is assumed to be a homogeneous, stationary,
and charge neutral medium.

The calculation of the excited state populations in C III
is carried out in two steps. First, a modified coronal ion-
ization balance is used to calculate the total populations
of the C,C+, . . . , C + charge states, which include the
total populations of the ground and/or metastable states.
The populations are dependent on the electron density
and the electron temperature. Then, a collisional-
radiative model for CIII ions in excited states is con-
structed, in which populations of CILIA and CIv ground
states are supplied as inputs from the ionization balance.
The approximation of calculating the ground states of
carbon ions first and the excited states of C III separately
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is valid, when most ions are in the ground and metastable
states. This reduces the number of the rate equations
dramatically so that it allows the treatment of each ion
charge state without recourse to lengthy computation.

The ionization balance model describes the net effect of
the ionization and recombination processes in the carbon
ions. In the steady-state case, the ionization balance is
given by

N,

N, +)

a, +,N, +P, +, +D,
S,

where N, is the electron density, N, is the population of
the ion of charge z, S, are the collisional ionization
coefficients ' from charge state z to z+ 1, and a, +„p,+, ,
and D, +, are the collisional, radiative, and dielectron-
ic ' recombination coefficients from the charge state z+ 1

to z, respectively. Notice that all the rate coefficients are
independent of N, except the three-body recombination
rate coefficients, which are proportional to N, . In the in-
termediate density range, collisional recombination is
negligible. The normalized densities N, /N, are predom-
inantly dependent on the electron temperature and slight-
ly dependent on the electron density due to the weak den-
sity dependence of dielectronic recombination. The cal-
culated relative abundance of carbon-ion charge states as
a function of electron temperature is shown in Fig. 2. In
the region of electron temperature from 3.5 to 8 eV, ions
are highly populated in the C III charge state as shown in
Fig. 2. The maximum C III ion abundance of 80% occurs
at T, =5 eV.

The populations of the excited states in C III are calcu-
lated by a 72-level, collision-radiative (CR) model, which
can be written as

S N, + g (C,;N, +A;A;)+ g C';N, n
1&J l&J

+ g(C;,N, +A; A; )+ g C;;N, n,

1.0

0.S
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& 0.6
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FIG. 2. Relative C ion charge state abundance as a function
of electron temperature.

+(P +a N„)N,n +,
where N, is the electron density, n is the ground-state

dn

dt
= An+n +R +n E, (4)

where A is the 71 X 71 matrix containing the rate
coefficients linking the excited levels. n is the 71X1
column vector of level populations. The column vectors
of R (71 X 1) and E (71 X 1) contain all recombination
rates from the CIv ground state, and n ~ 10 levels and
the excitation rates from the CIII ground state, respec-
tively. Since the relaxation times for the excited levels
are much shorter than the time scales for evolution of the
C III and C Iv ground states, the excited-level populations
maintain quasi-steady-state values.

To measure plasma conditions, i.e., N, and T„it is
desirable to find certain line ratios which are sensitive
only to one of these parameters. Figure 3 shows the cal-
culated line ratio of C ttt(4647 A) to C tII(3609 A) as a
function of T, at several electron densities without opti-
cal trapping and Fig. 4 shows this ratio with the opacity
included. At high electron temperatures this ratio is in-
sensitive to T„while at low electron temperatures the ra-
tio is weakly dependent on N, . The advantage of using
these lines is that no vacuum is needed for the spectrome-
ter, whose absolute-intensity calibration in the visible re-
gion is straightforward and more accurate. Also, these

population of C Iv ions, and n is the population of the
jth excited level. The C'; and C"; are the electron col-
lisional excitation and deexcitation rate coefficients, re-
spectively. The S, a, and /3 are the collisional ioniza-
tion, collisional recombination, and radative recom-
bination rate coefficients, respectively. A, , is the spon-
taneous transition probability. A, is the Biberman-
Holstein escape factor. ' In the optically thin case,
A, =0. In the optically thick case, a 1-cm optical-path
length is assumed. [Spatially resolved emission measure-
ments, not described here, gave a full width at half max-
imum (FWHM) for the visible-uv emission of 1 cm.]

In the model, all singlet and triplet states of the outer
electron configurations, with principal quantum numbers
n =2—6, are included. For n =7—9, single lumped states
distinguished only by principal quantum number n are
treated. For sufficiently large principal quantum number,
the levels are in local thermodynamic equilibrium (LTE)
with each other. Griem provides a formula for estimat-
ing the quantum number j of such levels, viz. ,

N, ) 1.7 X 1014T,1/25EJ3

where AE is the energy difference in eV between the C
ground state and the jth level. At N, =5X10' cm and
T, =4 eV, j is approximately equal to eight. In the mod-
el, levels whose principal quantum numbers are greater
than 9 are assumed in LTE with the C Iv ground state
under these conditions.

For levels from n =2 to n =6, the energy of each level,
the radiative transition probability, and collisional excita-
tion and deexcitation rates were provided by Morgan.
Hydrogenic rates ' ' are used for the transitions involv-
ing n +7 levels.

Using the rates discussed above, the rate equation (2)
can be written in matrix notation as
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FIG. 3. Intensity ratio of C III lines at 4647 and 3609 A as a

function of electron temperature, at several electron densities.

3.0

lines are optically thin (N, &5X10' cm ) such that it
eliminates the uncertainty in measured line intensities
due to opacity. The absolute intensity measurements of
these two lines and their role in determining the plasma
conditions are discussed in Sec. III.

So far the model has excluded selective photoexcitation
in C III. When the C III ions are pumped by Mn VI —line
radiation, the rate equations need to be modified. The
photopumping adds two processes, stimulated emission
and absorption for the transition 4p-2s in the CR model
due to the presence of the selective photoexcitation, i.e.,
Eq. (2) is modified to read

dn4
=P(TM„)nz,+other terms,

dt

where P (TM„)is the pumping rate due to the Mn VI —line
radiation. The absorption fraction of the pumping radia-
tion by the carbon plasma is estimated to be about 0.2 us-
ing a 1-cm optical-path length for the C III 310-A line at
an electron density of 10' cm . The pumped medium
is, therefore, optically thin and the pump radiation
penetrates the carbon plasma. An expression for the

pumping rate is obtained by characterizing the optically
thick MnvI pump line with a brightness temperature
TM„. The solid angle subtended by the observed volume
to the Mn plasma is estimated to be ~ steradians and
both the MnvI pump line and the CIII absorption line
are assumed to be Doppler broadened. The desired ex-
pression is then

Mn 4 4p, 2s +~2 ++~2 )
~ y2

P(T

expI —In(2)[bl, /(bA, , +bA~ )] IX
exp( b,E/TM„)—1

where AA. is the wavelength mismatch between the pump
and absorption lines, and AA, , and AA, are the Doppler
widths of the C III and Mn vI lines, respectively. Equa-
tion (6) assumes n4 /n2, « 1, which is true for all
T «20 eV. In order to achieve a high population in-Mn—
version, the brightness temperature TM„ofthe pump
Mn vI line should be comparable to the energy b,F ( —39
eV) of the 4p-2s transition. For the typical laser-
produced Mn plasma which was used in our experiments,
a 20-eV brightness temperature for the Mn vI —pump-line
radiation is a reasonable estimate. At this brightness52

temperature TM„=20eV, the pumping rate P(TM„) is
9.5 X 10 /s. The enhancements of the excited-level popu-
lations as a result of optical pumping were calculated for
various electron densities and temperatures of the C plas-
ma with a fixed pumping rate, i.e., TM„=20eV. The
maximum gain occurs at 4 eV. This temperature is lower
than that of peak concentration of CIII ions, but is a
compromise between the conAicting need to maximize
C III fraction while minimizing the deleterious excitation
and ionization out of the n=4 levels. Figure 5 shows the
populations of 4p 'P', 4s 'S, and 4f 'F' states versus N,
at an electron temperature of 4 eV. The dashed lines are
the populations without photoexcitation and the solid
lines with photoexcitation. The calculation indicates that
the 4p population can increase by a factor of 160 due to
optical pumping. At this density, the 4p-3d transition
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FIG. 4. Intensity ratio of C III lines at 4647 and 3609 A as a
function of electron temperature, assigning a 1.0-cm optical-
path length.

FIG. 5. Calculated populations of n=4 levels in C III. The
solid lines are the enhanced populations due to resonant pho-
toexcitation and the dashed lines are without photopumping.



39 THEORETICAL AND EXPERIMENTAL STUDY OF uv LASERS. . . 4655

due to the fast radiative decay of the transition 4f 3d-. It
changes more rapidly with changing X, than the other
transitions.

So far we have neglected the effects of opacity on the
gain. At 1V, —5X10' cm and T, =4 eV, the line-
center absorption coefficient is 1.5 cm ' for the transition

0
3d-2p at 574 A. Optical trapping in the strong transitions
of 3-2 can reduce the 4-3 population inversions by in-
creasing the n=3 level populations well above their opti-
cally thin values although the enhanced n =4 populations
are not much inAuenced by optical trapping. For a 1.0-
cm optical-path length and T, =4 eV, the calculated gain
including trapping of the 4-3 transitions versus electron
density is shown in Fig. 7. In the optically thin case, the
ratio of peak gain at the 2177- and 2163-A lines is about
2.5. Since the spontaneous decay rate of the 4f 3d tran-si-
tion is about 14 times that of the 4p-3d transition, opacity
affects 4f 3d gain -more. A 30&o reduction of gain occurs
for CIII at 2177 A, and a 70% gain reduction occurs for
CITY at 2163 A due to opacity. In Fig. 7 the peak gains of
the 4f 3d and -the 4p 3d tran-sitions are 0.09 and 0.10
cm ', respectively. These values are considerably lower
than those for the optically thin calculation.

The question still remains as to what equilibrium popu-
lation distribution is reached due to photoexcitation and
in what time interval? To determine this one must exam-
ine the relaxation time and the perturbation of the
ground-state density due to photopumping. For the 20-
eV brightness temperature of the pump-line intensity, the
population ratio of the ground state to enhanced 4p level
is less than 100. Less than 5% of the electrons in the
ground state are being pumped to the upper n=4 levels.
This slight change of the ground-state population means
that the perturbation of the ground state can be ignored.
Furthermore, the populations of excited states arrive at
equilibrium with the ground states in times on the order
of 1 ns. If the time of variation of the intensity of the
pumping radiation is greater than 1 ns, which is the case
as shown in the experiments, the local excited-level popu-
lations can be assumed to achieve quasi-steady-state
values with respect to a given ground-state density n2„

line at 2177 A is optically thin. The increase in density of
the 4p level results in a similar increase in emission line
intensity above the spontaneous emission leve1 ~ Further-
more, rapid thermalization of the n =4 levels was predict-
ed by the calculation. The population ratio n4 /n4, is
weakly dependent on electron density. This reveals that
the collisional coupling between the two levels is greater
than radiative decay processes. Due to the strong radia-
tive decay of the 4f 3d t-ransition, the ratio of popula-
tions n4 /n4f is dependent on N, . Thermal equilibrium
occurs between 4p and 4f levels only when N, ) 10'
cm, as shown in Fig. 5.

The gain of a transition from upper level i to lower lev-
el j is defined, for a Doppler-broadened C line, as

6 =5.54X10 A, A, .(n; n, g—, lg, )T, '~ cm (7)
0

where k is the transition wavelength in A, A, is the tran-
sition probability, n, and n are the populations of levels i
and j, respectively, and g; and g are the statistical
weights of the levels. Figure 6 shows gain versus X, at
2177, 2163, and 1894 A, calculated at T, =4 eV, without
optical trapping. At low electron density, the ground-
state density is much lower. Fewer electrons can be
pumped from the ground state to the upper 4p level and
then collisionally transferred to other n=4 levels. As a
result, the gain is small. As the electron density in-
creases, the ground-state population of C III is increased.
The gain increases towards a peak value. At still higher
electron densities —10' cm, electron collisions spoil
the population inversion, as shown in Fig. 6. Due to the
rapid collisional thermalization between the lower transi-
tion levels (3p and 3d) and between the upper transition
levels (4s and 4p), the gain profile of the 4s-3p transition
is similar to that of the 4p-3d transition. The gain
reaches peak values of 0.13 and 0.10 cm ' for the transi-
tions 4p-3d at 2177 A and 4s-3p at 1894 A, respectively.
The 4f 3d transition -has an oscillator strength about one.
Therefore, it offers higher gain than the other 4-3 transi-
tions. The calculated peak gain is 0.34 cm ' for the tran-
sition 4f 3d at 2163 A. -The gain conditions of the 4f3d-
transition are different from those of the 4p-3d transitions
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FICs. 7. Calculated gain vs electron density at T„=4eV as-
signing a 1.0-cm optical-path length.
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electron density N„electron temperature T„and pump-
ing strength P( TM„). Therefore fluorescence due to
pumping is expected to follow in time the intensity of the
pump Mn VI —line radiation.

The above analysis shows that the C III plasma should
have a density of 3X10' crn and a temperature of 4
eV to maximize gain. The Mn plasma, on the other
hand, should have higher densities and temperatures
( -20 eV). These disparate requirements demand
separate plasmas. The carbon plasma was produced in a
vacuum arc, and the Mn ions in a laser-produced Mn
plasma. For a vacuum-arc discharge with currents of
about 10 kA, electron density can range from 10' to 10'
cm, and electron temperature usually is a few eV. In a
laser-produced plasma, N, is from 10' to 10 ' cm and
T, is from 10 to 100 eV. Over such a range of plasma
conditions, the model of the CIII —MnvI laser scheme
was examined. The calculations indicate that a small sig-
nal gain of 0.1 cm ' is obtainable in C III at 2177 and
2163 A using resonant photoexcitation. Cavity losses
near the 2170-A wavelength region are about 20% using
available mirrors. Lasing is thus possible at 2177 and
2163 A in C III ~ The measurements of electron density
N, and electron temperature T, in the plasmas are de-
scribed in the next section. These early experiments led
to further experiments in which fluorescence, small-signal
gain, and eventually laser oscillation on 4-3 transitions in
C III, were all measured.

III. OPTICAL SPECTROSCOPY STUDY
OF THE C PLASMA

The detailed atomic physics code described above had
pointed to specific line-intensity measurements, which
would give reliable values of N, and T, . These measure-
ments are described in detail below. Figure 8 shows the
experimental apparatus. The carbon plasma was pro-
duced in a vacuum-arc discharge between a hollow car-

rounded
arbon anode

( laser
I

I

spectrometer
carbon
cathode

to pulse-forming
network

FIG. 8. Schematic diagram of experimental apparatus of the
electron density and temperature measurements.

bon anode and a 6-mm-diam solid-C cathode as shown.
The interelectrode separation is 100 mm. The discharge
was driven by an L-C ladder network consisting of 11
8.5-pF capacitors with 1-pH station to station inductors.
The network was charged typically to —6 kU. The high
voltage was applied to the cathode in series with a 1.0-0
CuSO4 resistor. The resistance of the vacuum-arc
discharge is typically 40 mA, so the CuSO4 resistor
served as the matching impedance for the ladder net-
work. A discharge was triggered by focusing a (15 J)/(70
ns) CO& laser onto the cathode surface. The resulting
discharge current exhibits a 20-ps rise time, 50-ps flat-
topped duration, with a current of —6 kA at 6 kV. The
carbon plasma was viewed by the 0.2-m, the 2-m Ebert,
and the Jarrel-Ash spectrometers at right angles to the
discharge axis and at five positions downstream from the
C cathode. The plasma region ( —2 mm X 15 pm) on the
discharge axis was imaged onto the spectrometers. A
one-to-one imaging system was chosen for the 2-m spec-
trometer by using two identical lenses, each of which was
2 in. in diameter and 20 in. in focal length. The 2-m
Ebert monochromator offered sufhcient resolution to ob-
serve a specific narrow portion of the emitted spectral
line to be scanned. The scanning was accomplished by
repeated firings of the C discharge while advancing the
instrument in wavelength steps. To ensure that the true
spectral linewidth is measured accurately, narrow en-
trance and exit slits ( —15 pm) were used for the 2-m
spectrometer and higher orders of the spectral lines were
studied. The instrumental widths were measured by
scanning the narrow lasing line of Ne I at 6328 A and the
Hg I line at 4046.6 A. A Gaussian function was found to
be a good representation of the instrumental slit profiles,
and the FTHM was found to be 0.2 A in first order for
the 2-m spectrometer. This Gaussian representation was
then used for any necessary deconvolution of instrumen-
tal widths. The 0.2-m spectrometer, which was calibrat-
ed with its imaging system, was used to measure the abso-
lute line intensity. Figure 9(a) shows the discharge
current as a function of time. Figures 9(b), 9(c), and 9(d)
show the detected line intensities of a C II line at 2993 A
and C III lines at 4647 and 3609 A, respectively. When
the discharge current reached the flat-topped portion, the
emission signal was steady, which suggests that the plas-
ma conditions were quasisteady. The line intensity was
measured at the time when the current waveform was
flat. Three shots were taken at each wavelength or line.
In shot-to-shot scanning of line shapes and measuring the
absolute line intensity, the Jarrel-Ash monochromator
was used to measure the integrated C III —line intensity at

0

5696 A, as a monitor. The reproducibility was adequate,
i.e., data were taken only when the 5696-A intensity
remained constant over many shots.

Figure 10 is a partial Grotrian diagram of carbon ions.
The electron temperature and density can be obtained
from the ratio of the C III 4647-A to the C III 3609-A line
intensities and from absolute line intensities of these lines.
Doppler-broadened line profiles of the C III 3p P —3s S
at 4647-, 4650-, and 4651-A wavelengths were measured,
from which were inferred ion temperatures in the C plas-
ma. Scanning Stark-broadened line profiles of the C II
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(a) Discharge current

(h) Spontaneous emission
CII 2993A

Spontaneous emission
CIII 4647A

—.(d) Spontaneous emission
CIII 3609A

line at 2993 A and the C III 5d D —4p 3P' lines at
3608.8-, 3609.1-, and 3609.6-A wavelengths provided
electron densities. The measured data were fit by Gauss-
ian or Lorentzian line profiles. Parameters in the line
profile, such as the FWHM and the background of con-
tinuum radiation, were varied until the best fit was ob-
tained. To ensure that these lines were optically thin, the
optical depths of these lines were examined. The experi-
mental arrangement for these measurements was to add
an imaging system. This system reflected the line emis-
sion along the 2-m spectrometer axis back to its origin. If
any absorption occurred, the line profiles with and
without reAection would be different, because there
would be more absorption at the center of the line than at
the wings. It was found that all these lines were optically
thin, except the C III line at 2297 A.

The experimental results and the analysis follow.

A. C rtt, 3p P —3s S transitions

AS

20@,s/d&v

FIG. 9. Line intensities of carbon ions vs time.

1548 1551A

Civ GROUND

AP

Figure 11 shows a typical measured line profil fitted
by a Gaussian function. When the 4647.42-A intensity is
set to 100, the measured intensity is 70 at 4650.4 A and
25 at 4651.5 A. These intensities are consistent with
spin-orbit- (,LS) coupling theory, which is a good ap-
proximation in light ions such as carbon. The measured
relative line intensities are very close to those from LS
coupling, which also implies that self-absorption of these
lines is negligible.

The line profiles were measured by using the second or-
der of these spectral lines so that the instrumental
FWHM was reduced to 0.1 A. Stark widths of these
lines could be ignored compared to the measured
linewidths. A sample of a measured line profile, fitted by
a Gaussian function, is shown in Fig. 12. In Fig. 12, the

V)

Z 60
'D
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K

V)
Z
LLI

Z
20

II2993A

FIG. 10. Partial Grotrian diagram of carbon ions.

46/8 4S5O

WAVELENGTH (A)

FIG. 11. Observed C iii 3p 'P —3s S multiplet transition
profiles at 4647.4, 4650.4, and 4651.5 A. The line profiles were
fit well by a Gaussian function.
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where b is 0.25 for the CII line at 2993 A and 6.45 for the
C III line at 3609 A.

C. C III 2s 2p 'I' —2p 'D at 2297 A

This line is found to be optically thick from the line-
profile measurements. An optically thick line profile can
be written as

I (b,k) =Io(hk)[1 —exp( —kl)], (10)

where 1 is the optical-path length, Io(b, A. ) is the line
profile without opacity, and k is the absorption coeScient
defined by

hk&=3. 4X10 ' X, (in cm ) A (12)

The optical-path length I was estimated by using the
Jarrel-Ash spectrometer to measure the emission of the
C III 5696-A line radially across the C-discharge axis.
The measured optical-path length I was about 1.0 cm
along the 2-m spectrometer axis. To measure the line
profile more accurately, the fourth order of the spectral
line was used, as the line was very bright. Figure 15
presents a typical measured line profile fitted by Eq. (10)
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X dy cm ', ll
(p—y) +a

where A is the transition probability, n is the density of
the 2s2p state, a=0.8336k+/bAD and P=0.8336k, /

By using electron densities and ion temperatures
measured from CIII and CII linewidths, the Doppler
width AA, D and Stark widths AA.z of the line were deter-
mined, where the Stark width AA, z is given by

2.5 — .

2.0 —
~x

1.5
~~

1.0
C
O 0.5
4J

C4 0.0-
0 10 15

Z (mm)

|
20 25

with an optical depth kl of 4 at line center (solid line),
while the dashed line is the optically thin line profile.
The population n of the lower transition level (first excit-
ed state) 2s2p of the City 2297-A line was obtained by
fitting the optical depth of this line. Knowing n and N„
the electron temperature T, was derived from the code.

0
The absolute line intensities of the CIII 2297-A line
where also measured by using the 0.2-m spectrometer.
The line profiles acquired a Aat top about the line center
(see Fig. 15). This Hat top is at an intensity level equal to
that of a blackbody radiating thermally at the tempera-
ture of the C plasma. The resolution of the 0.2-m spec-
trometer is greater than the linewidth. By using the mea-
sured line and instrumental profiles, the absolute intensity
at the line center was deduced from the measured total
line intensity. The derived electron temperatures from
this measurement ware within 15% of those obtained
from the measured optical depth.

Furthermore, the absolute line intensities of C III at the
4647- and 3609-A wavelengths were measured. The ratio
of these two line intensities was used to infer the electron
temperature in the emitting region, while the absolute in-
tensities gave the populations of the excited states, which
were used to infer the electron densities in the plasma.
These results are consistent with those from the line-
profile and line-intensity measurements.

The results of the measured plasma density and tem-
perature are shown in Figs. 16 and 17, respectively. Fig-
ure 16 shows the measured electron density as a function
of Z, the distance downstream from the C cathode, at
several discharge currents. Figure 17 shows the mea-
sured ion and electron temperatures versus Z. The elec-
tron densities are about 5X 10 cm and electron tem-
perature about 4 eV at 6.4-kA discharge current. Such
plasma conditions were chosen for the photoexcitation
experiments.

In summary, measurements of electron densities and
temperatures in the C discharge have been described.
For the resonant photoexcitation experiment the pump
source is a laser-produced Mn plasma. A brightness tem-

o
—0.4 —0.2

I

0.0
0

h, X (A)

0 O l n
0.2 0.4

FIG. 15. Measured profile of the optical thick line C iii 2297
A. The solid line is the best fit with FTHM 0.12 A and optical
depth kl=4. The dashed line is the line profile in the optically
thin case.

FIG. 16. Measured electron density along the C-discharge
axis as a function of Z, downstream from the C cathode surface.
X, experimental data points measured from the Stark width of

0
C iii line at 3609 A; A, experimental data points measured from
the Stark width of Cii line at 2993 A; 0, experimental data
points measured from the absolute line intensities of C iii lines
at 4647 and 3609 A.
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FIG. 17. Measured plasma temperature along the C-
discharge axis as a function of Z, downstream from the C
cathode surface. 0, ion temperature obtained from the Doppler

0
width of CILIA 4647-A line; X, electron temperature obtained
from the line ratio of the C III 4647-A to C III 3609-A; 6, elec-
tron temperature from the absolute line intensities of C IIr lines
at 2297 and 4647 A.

perature of 20 eV for the Mn vI —pump-line radiation was
estimated by measuring the absolute continuum intensity
from the Mn plasma and by using a hydrodynamic and
kinetic model of the laser-produced plasma. With these
measurements, the proper plasma conditions can be es-
timated for obtaining population inversions. The fluores-
cence and gain obtained due to such population inver-
sions are presented in Sec. IV.

IV. FLUORESCENCE, GAIN,
AND LASER OSCILLATION
AT 2177 AND 2163 A IN C III

Figure 18 is a schematic drawing of the experimental
apparatus used for the gain and lasing measurements.
The C III plasma is produced in a vacuum discharge as
described in Sec. III. The axis of the C discharge is
turned 90' such that it is in the same plane as the axes of
the spectrometers. The C cathode is located 5 mm oA'the
optical axis of the 0.2-m spectrometer, which is used to

measure fluorescence and gain on the C III n=4 to n=3
transition lines. The hollow C anode is placed on the
spectrometer axis. The axis of the C discharge is not
coincident with the spectrometer axis. The electron den-
sity is about 5X10' cm and the temperature about 4
eV, on the spectrometer axis at a 6.4-kA discharge
current. The discharge plasma so produced consists
mostly of CIII ions, as measured and calculated by the
CR model. The Mn pump plasma is produced by focus-
ing another (10 J)/(70 ns) C02 laser to a 2 X 23 mm line
focus on a Mn slab as shown. The line focus is parallel to
the 0.2-m spectrometer axis and is 7 mm away from it.
Typically, the Mn laser-produced is produced 36 ps after
discharge initiation. Enhanced fluorescence coincident
with the Mn plasma was observed on many 4-3 transi-
tions in C III. Figure 19 shows typical enhanced fluores-
cence measurements at 2177 A in C IIi. Figure 19(a)
shows the 6.4-kA peak, discharge current versus time.
The first "noise" fiducial (10 ps into the sweep) on Fig.
19(a) shows when the first laser is fired to trigger the C
discharge. The later "noise" fiducial shows that the
second laser is fired 36 ps after the first. Figure 19(b)
shows the spontaneous emission on the C III 4p-3d line at

0
2177 A. The trace shown is an average over five succes-
sive discharges. Figure 19(c) shows the enhanced fluores-
cence at 2177 A„when the Mn laser-produced plasma
was created, 36 ps after discharge initiation. To capture
this enhanced fluorescence, the sensitivity of the detect-
ing electronics was decreased by a factor of 45. To be
sure that the enhanced fluorescence came from the C III
ions, the Mn plasma was created without the C
discharge. In this case, Fig. 19(d) shows that there was
some small spurious background radiation at 2177 A
from the Mn plasma. When this background was sub-
tracted from the fluorescence in Fig. 19(b), the net
enhanced fluorescence was 170 times the spontaneous
emission, which was very close to the prediction of 160
from the CR model. Such enhancements were found to
be very reproducible from shot to shot. The typical dura-
tion of the enhanced fluorescence (FWHM) was about 0.3
ps. This is consistent with the prediction of a self-similar

BREWSTER

15 J/50 ns
CO2 LASER

BREWSTER
WINDOW

HOLLOW
CARBON

INSET
I

L

UUM
w

FIG. 18. Schematic diagram of the experimental apparatus.
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(a) Discharge current
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(h) Spontaneous emission CIII 2177A
0.06

hydrodynamic code for the Mn plasma expansion,
which estimated that the Mn vI —pump-like radiation had
about a 0.3-ps pulse duration.

Similar measurements were then made at several other

n=4 to n=3 transitions in CIII. The net enhanced
fluorescence on the 4s 'S —3p 'P' line at 1894.5 A, and the
4f 'F 3d—'D line at 2163 A was found to be approxi-
mately a factor of 70 above the spontaneous emission.
Enhanced fluorescence was also measured on the
4d D —3p P' line at 1620 A and the 4f F' 3d —D line at
1923 A. Typical results are shown in Figs. 20—22. In
Figs. 20 —22, (a) shows the spontaneous emission at Catt
2163, 1894, and 1923 A, respectively; (b) shows the
fluorescence due to photoexcitation and collisional
transfer at these lines; (c) is the background due to the
laser-produced Mn plasma alone (C discharge off) at
these wavelengths. These measurements confirmed that
the selective photoexcited population of the 4p 'P state
is accompanied by rapid collisional exchange of this pop-
ulation with other n=4 levels. The ratio of the net
fluorescence to the spontaneous emission agreed well
with the calculation of the collisional-radiative model,
which predicted a ratio of 100 at 1894 A and 90 at 2163
A for the C III lines.

As shown above, fluorescence was observed on many
4-3 transitions in CIII. It might be argued that the ob-
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FIG. 19. Observed fluorescence at 2177 A in C III. Radiation
emission intensities are in arbitrary units.

0
FIG. 20. Observed fluorescence at 2163 A in C III. Radiation

emission intensities are in arbitrary units.
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served fluorescence was due not to a resonant excitation,
but due to collisional excitation in C III by the hot elec-
trons from the laser-produced Mn plasma which expand-
ed into the C discharge, or was due to broadband photo-
ionization and collisional ionization of C III ground-state
ions, which then recombined and cascaded down from
high levels to n=2 levels. To test these alternative hy-
potheses, the Mn plasma was replaced by a laser-
produced Al plasma. Since there were no coincident
transitions between Al and CIII ions, no resonant pho-
toexcitation was expected. However, the Al plasma
should be similar to the Mn plasma in other respects, and
hence should show the same nonresonant effects. The ex-
periment showed no fluorescence observed on the 4-3
transitions with the Al plasma. As a further check, reso-
nance lines of C II at 1335 A, C III at 977 A, and C Iv at
1548 A were examined in the presence of a Mn plasma.
The upper states of these lines were coupled to the
ground states by strong dipole transitions, and would re-
veal an increase in the ground-state populations, if broad-
band photoionization occurred. Under conditions similar

to those described earlier, the emission at these wave-
lengths was measured in the C discharge with laser-
produced Mn or Al plasmas. No fluorescence was ob-
served at these wavelengths. These measurements to-
gether serve to confirm the selective photoexcitation of
C III due to Mn VI —line radiation.

To summarize the fluorescence measurements, let us
compare the net fluorescence measured on each of the
C III 4-3 lines with the predictions of the atomic model,
for chosen values of N, =10' cm and T, =4 eV. Table
I shows the comparison. The agreement is remarkably
good and motivates the search for gain, which was the
next step.

To measure gain, a mirror was added to the spectrome-
ter axis, as shown in Fig. 18. The mirror, placed behind
the hollow anode, was adjusted to reflect rays from the
midregion of the CIII plasma back through the plasma.
Irises were placed on either side of the discharge, to en-
sure that the solid angles subtended by the mirror and the
spectrometer gathering optics were identical. On succes-
sive shots, the spontaneous emission and enhanced
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FIG. 21. Observed fluorescence at 1894 A in C III. Radiation
emission intensities are in arbitrary units.

0
FIG. 22. Observed fluorescence at 1923 A in C III. Radiation

emission intensities are in arbitrary units.
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TABLE I. Ratio of fluorescence to spontaneous emission.

Wavelength
(A)

2177
2163
1894

Transition

4p-3d
4f 3d-
4s-3p

Experiment

170
70
70

Calculated

160
90
65

fluorescence were measured with and without the mirror.
The ratio R of the measured line intensities with and
without the mirror is given by

R =1+rt exp(G), (13)

(a) Without reflecting mirror
CII 2174A

(h) With reflecting mirror
CII 2174A

~ ~ ~ P Pi i eel I' .iI I

jy I &i t,
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p P

(c) Background at 2174A
due to Mn plasma alone
without reflecting mirI or

where r is the reAectivity of the mirror, t is the transmit-
tance of the vacuum window, and G is the integrated gain
coefficient along the entire optical-path length ( —2 cm).
For noninverted optically thin lines, G =0, hence
R =1+rt . For an inverted transition with gain, G& 0
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and R ) 1+yt
The line chosen for calibration of this technique is the

C II line at 2174 A. This line was measured to be optical-
ly thin and known to be unaffected by the photoexcita-
tion of C III. Also, this line is very close in wavelength to
the C III 2177- and 2163-A lines on which gain was mea-
sured. Figure 23 shows the results of the calibration ex-
periments. Figure 23(a) shows the C tt 2174-A spontane-
ous emission versus time, without the mirror. At t=36
ps, there appears to be some enhanced fluorescence due
to the Mn laser-produced plasma. However, Fig. 23(c)
shows the spurious background detected at 2174 A, due
to the Mn plasma alone. When this background is sub-
tracted from the emission signal in Fig. 23(a), it is clear
that the 2174-A C tt line is unaffected by optical pump-
ing. Figure 23(b) shows the Cit 2174-A line emission
with the reflecting mirror. The ratio R of the average
spontaneous emission in Fig. 23(b) to that in Fig. 23(a)
was 1.5+0.15, i.e., r =0.5+0.15. The ratio of the spuri-
ous background due to the Mn plasma, with and without
the mirror, is also about 1.5. The ratio R for the spon-

0
taneous emission on the C III line at 2163 A was also mea-
sured and R was found to be 1.5+0.1.

Figure 24 shows the measurement of R at 2177 and
2163 A in C III with the Mn vr —pump-line radiation, and
evidence for gain. Figure 24(a) shows the enhanced
fluorescence at 2177 A, without the refIecting mirror.
The spontaneous emission was a factor of 170 smaller
than this enhanced Auorescence, and so was buried in the
baseline. Figure 24(b) shows the fluorescence with the
rejecting mirror. The ratio of R was 2.1+0.1. For mea-
sured r =0.5+0.1 this gives G =0.8+0.3. For a 2-crn
effective-gain length in the C III plasma, the measured
gain coefficient was 0.4+0.15 per cm. Figures 24(c) and
24(d) show similar results on the Cttt line at 2163-A
wavelength. For this line too, R was found to be 2.1+0.1

and the gain coefficient was 0.4+0.15 cm '. At both
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FIG. 23. Calibration experiment for single-pass gain mea-
0

surement. (a) and (b) are spontaneous emission at 2174 A in C ii
detected without and with the reflecting mirror, respectively.

cp

(c) Spurious background at 2177 A due to the laser-produced
Mn plasma alone.

FIG. 24. Single-pass gain at 2177 and 2163 A in C iii. (a) and
(c) are enhanced fluorescence, with the reflecting mirror, at 2177

0
and 2163 A, respectively. (b) and (d) are enhanced fluorescence,
without the reflecting mirror, at 2177 and 2163 A, respectively.
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FICy. 25. Single-pass gain-length product vs time„ for C ttt,
2177- and 2163-A lines. The dashed horizontal line is the cavity
loss threshold of 0.30. Net gain occurs in the shaded region.

2163 and 2177 A the measured values of R versus time
were within +20% of each other and R was 1.5 (implying
gain), for about 0.3 ps. A representative plot of the
single-pass, gain-length product (G) versus time is shown
in Fig. 25. The values of G shown in Fig. 25 are similar
to the predictions of the collisional-radiative model, but
the measured gain coefficients are higher than those pre-
dicted by the model. The discrepancy can be due to the
uncertainty in transition probabilities, opacity broaden-
ing of the pump line, and overestimation of the effects of

opacity in the C discharge. The wavelength-mismatch
effect between the pump and the pumped line can be re-
duced if the Mn vI pump line is optically thick. As a re-
sult, the photopumping is more effective than was as-
sumed in the model so that the gain is increased. Stream-
ing motion of the C ions, smaller lateral plasma dimen-
sion than that assumed, and the effect of gradients will all
reduce the opacity effects and correspondingly increase
the predicted gains.

To seek laser oscillation at 2177 and 2163 A, a Fabry-
Perot confocal resonator was used. (See inset in Fig. 18
or Fig. 2 in Ref. 60.) The two mirrors had a l-m radius
of curvature and a (1.995+0.004)-m separation (for stabil-
ity). The reflectivity, r=92%, of the two mirrors at the
two laser wavelengths was measured using a photometer.
Also, the vacuum windows were replaced by fused-silica
Brewster windows. The transmittance of these windows
began at 96%%uo but decreased to -90% after just a few
discharges. After tens of discharges, the transmittance
had decreased to —809o. The decrease was caused by
deposition of carbon from the discharge on the vacuum
side of the Brewster windows. The cavity threshold,
—ln(vt ), where r (=92%) is the reflectivity of the laser
mirrors, thus increased from 0.165 to 0.53 during a typi-
cal experiment, before the Brewster windows were re-
placed. Since a few discharge shots had always occurred
before any multipass amplification measurements were
made, it is assumed that the cavity threshold was -0.30
(90% transmission of the Brewster window) for the re-
sults in the measurements. This mean threshold is shown
as a horizontal dashed line in Fig. 25 ~ The net gain-
length product (per pass) is the portion of the gain curve
(shown shaded) which is above the threshold. Summa-
tion of the net gain-length product per pass over 50
passes gives a total (cavity) gain-length product of -4.5.
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FIG. 26. Evidence for lasing in C III. (a) and (c) are emission, with the laser cavity, at 2177 and 2163 A, respectively. (b) and (d) are
0

emission, with the front mirror 3 removed, at 2177 and 2163 A, respectively. Radiation emission intensities are in arbitrary units.
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Neglecting gain saturation, this implies that stimulated
emission was amplified by a factor of exp(4. 5)=90. To
detect this enhancement, the ratio of the line intensity
with and without the front mirror A of the laser cavity
was measured. Typical results are shown in Fig. 26. Fig-
ures 26(a) and 26(c) show the intensities with the tuned
cavity at 2177 and 2163 A, respectively. Figures 26(b)
and 26(d) show the intensities with the front mirror A re-
moved. The signals in Figs. 26(b) and 26(d) correspond to
a single pass of amplification, whereas the signals in Figs.
26(a) and 26(c) correspond to —50 passes of
amplification, and should therefore be greater. The ratio
of these two signals inside the cavity should be
—exp(4. 5)/exp(0. 1)—80. However, because the front
mirror A transmits only 8%, the ratio at the detector
should be -6, i.e., the signal with the front mirror A re-
moved should be six times lower than that with the tuned
cavity. It is assumed in these estimates that the solid an-
gle for detection of the two signals is the same. This was

(a) Discharge current

(b) CIII 2297A
with the cavity

!!
~ M
C

ensured in the experiment by placing a pair of irises 500
mm apart along the optical axis. The signals in Figs.
26(a) and 26(c) are about five to six times greater than
those in Figs. 26(b) and 26(d), confirming laser oscillation.

To corroborate these measurements, similar measure-
ments were made on the wing (optically thin) of the C ttt,
2p -2s2p line at 2297 A. The upper level 2p of this line
has no allowed transitions to either the upper or lower
laser levels. No fluorescence, therefore, can occur on this
line. For such a nonlasing line, the signal with the front
mirror A removed should be higher than that with the
tuned cavity. Figure 27(b) shows the measured cavity
output of the spontaneous emission of this line, at a
discharge current of 6.4 kA. The discharge current is
shown in Fig. 27(a). The Mn pump plasma was produced
36 ps after carbon discharge initiation as indicated by the
"noise" fiducial on all three traces in Fig. 27. No Auores-
cence was observed on this line as expected. Figure 27(c)
shows the spontaneous emission, when the front cavity
mirror A was removed. The measured signal was now
larger, since the partially transmitting mirror A was re-
moved from the line of sight. The measured signal at
2297 A with the front mirror A removed was about five
times higher than with the cavity, as expected. The
dramatically opposite results obtained from a tuned cavity
for the lasing lines at 2177 and 2163 A as opposed to the
nonlasing line at 2297 A were encouraging. However it
was still possible to hypothesize that the results of Fig. 26
might be due to radiation at 2177 and 2163 A from the
Mn pump plasma which "walks on" to the cavity, giving
an apparent but spurious gain. To check this, the mea-
surements were made with the Mn plasma alone (C
discharge off). The measured signals with the front mir-
ror A removed were about five times higher than with the
cavity, i.e., the results were similar to those at the nonlas-
ing wavelength of 2297 A. Furthermore, the absolute
levels of these signals were much smaller than those with
the pumped carbon discharge, and thus did not inAuence
the results of Fig. 26.

(c) CIII 2297A
without the front mirror A

i

~ I++I

10',sldiv

FIG. 27. Discharge current and spontaneous emission at
0

2297 A in C III. (a) Discharge current. (b) C III —line emission at
2297 A w&th the laser cavity. (c) C III —line emission at 2297 A
with the front mirror A removed.

V. SUMMARY

In summary, the CIII —MnvI resonant photoexcited
laser scheme has been analyzed and demonstrated. A
model for the kinetics of the photoexcitation has been
constructed. Spectroscopid diagnostics of the carbon
plasma were presented. Enhanced Auorescence on the
CIII 4p-3d, 2177-A transition due to pumping by the
MnvI —line radiation has been observed. In addition,
enhanced fluorescence has also been observed on other
many n=4 to n=3 transitions in C III due to collisional
coupling between the n=4 levels. Gain as high as 0.4
cm ' has been measured at wavelengths of 2177 and
2163 A in CIII. Laser oscillation was demonstrated at
these two wavelengths in a concentric Fabry-Perot reso-
nator.

A rough estimate of the power and energy per pulse
from those photoexcited lasers is obtained by assuming
that the net gain coefficient is about 0.1 cm ' (the mea-
sured single-pass gain was about 0.25 cm '). This gives
an upper-level population (4f) of —10' cm . For a sa-
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turated oscillator, the beam intensity in the active region
is —5 k W/cm . The output beam intensity is
—(1 —r) X5 kW/cm =400 W/cm, where r (=0.92) is
the reAectivity of the cavity mirror. In the discharge, the
active volume is about 1.0 cm in diameter by 2.0 cm long.
The laser energy per pulse could be 0. 1 mJ for a 300-ns
duration. For a 6.4-kA discharge current, with a 0.05-A
plasma impedance, the electrical energy input over 300 ns
is 0.6 J. The CO2 laser energy input to the Mn plasma is
—10 J. The CO& laser is not strictly necessary, because a
fast capacitive discharge with —10 J could also be used
to produce the MnvI —pump-line radiation, with high
efficiency. The overall efficiency of these photoexcited
lasers is about (0.1 mJ)/(10 J) —10 . It should be point-
ed out that the experimental configuration used is far
from optimal. By making the pump plasma coaxial with
the laser medium, a greater solid angle can be utilized for
photoexcitation, increasing the gain, and hence the
efficiency. It is possible that soft-x-ray analogs of the
C III —Mn VI laser described here could be produced, with
similar overall efficiencies.

0

Laser action at wavelengths of 2177 and 2163 A in
C III has been demonstrated. It is of interest and impor-
tance to translate these results to shorter wavelengths, in
isoelectronic analogs of C III. A computer simulation of
the N vI —P IX scheme was carried out. The method
which was described in Sec. II was used for the modeling.
In the CR model, v hich calculates populations of the ex-
cited states in N Iv, the transition probabilities were
scaled by assuming that oscillator strengths are the same
for C III and N Iv ions; Collisional excitation and deexci-
tation rates were derived from oscillator strengths; ion-
ization and recombination rates are from the same

sources as that for C III ions. The maximum fractions for
N Iv and P IX ions occur at T, =9 and 90 eV, respective-
ly. Assuming a 45-eV brightness temperature for the
P IX—pump-line intensity, the calculated gain for the 4p-
3d transition in N Iv is about 0.7 cm at pumped nitro-
gen plasma conditions of cV, =SX10' cm and T, =S
eV. Again, such plasma conditions could be prepared in
a gas discharge for the pumped nitrogen plasma and in a
laser-produced plasma for the pumped phosphorus plas-
ma. Lasing is possible on several n =4 to n =3 transitions
in N Iv, from 1284- to 948-A wavelengths. A detailed ex-
perimental study of the NIv —PIX scheme would shed
light on possible soft-x-ray lasers at 230 A in Mg IX.
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