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B.N. Chichkov,* A. Egbert, H. Eichmann, C. Momma, S. Nolte,
and B. Wellegehausen
Institut fir Quantenoptik, Universitait Hannover, Welfengarten 1, D-30167 Hannover, Germany
(Received 16 December 1994)

Optimal schemes for the creation of a transient population inversion between the ground and
excited states of an ion in a subpicosecond-pulse laser-produced plasma are discussed. First results
on experimental investigations of possible amplification in the soft-x-ray spectral region on transitions
to the ground states in O 11, O 111, C111, and N 1II ions are reported. Ions are produced due to optical
field ionization of Oz, CO2, and N gases in an intense Ti:sapphire laser field. Amplification on the
2p3s(*P)-2p*(*P) transition (A = 374.12 A) in O 111 ions and on the 2p23s(*P)-2p°(*D) transition

(A = 616.56 A) in O 11 ions has been observed.
PACS number(s): 42.55.Vc, 52.50.Jm, 52.25.—b

I. INTRODUCTION

The recent availability and rapid progress of intense
ultrashort-pulse laser systems has led to growing inter-
est in the development of high-repetition-rate soft-x-ray
lasers driven by short laser pulses. With the help of these
intense laser pulses any kind of matter can be rapidly ion-
ized on a time scale comparable to or shorter than the
characteristic relaxation times of ion states. This can
result in a transient population inversion between the
ground and excited ion states and amplification of radi-
ation in the soft-x-ray region.

One of the most popular soft-x-ray laser approaches
is based on optical field (tunnel) ionization of atoms in
an intense laser field [1,2]. This ionization mechanism is
very selective (due to the exponential dependence of the
ionization rate on laser intensity and ionization poten-
tial) and allows one to strip all atoms to a necessary, def-
inite ionization stage. In the case of a linearly polarized
laser field, the free electrons can be left relatively cold,
which allows one to create a transient population inver-
sion between excited and ground ion states during the
three-body recombination cascade. The transient gain
is very sensitive to the residual amount of ions occupy-
ing the lower lasing level [2]. Up until now, theoretical
studies of a possible x-ray lasing to the ground ion state
were concentrated on H- and Li-like jons [1,2]. Recent
experimental results [3] have demonstrated evidence of
amplification in H-like Li ions at 135 A on the L, tran-
sition. This evidence is not overwhelming and there are
still some contradictions [3,4]. In the case of a circular
polarized laser field, the ionized electrons are hot and can
provide efficient collisional excitation pumping. Demon-
stration of xuv lasing due to this mechanism at 418.1
A in XeIX ions has recently been reported [5].

In this paper, we try to identify more suitable routes
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and schemes for the creation of population inversion and
soft-x-ray lasing to the ground state. Our simple theo-
retical analysis, presented in Sec. II of this paper, shows
that conditions necessary for the soft-x-ray lasing to the
ground electron configuration can be easier realized with
more complex ions. A trivial argument for this conclusion
follows immediately from the expression for the popula-
tion inversion density AN = N, — Ni1g2/g1, where g;
and g, are the statistical weights for the lower and upper
laser levels. It is clear that more favorable conditions for
the population inversion will be obtained between levels
with g;,/g2 as large as possible (g1/g2 — o0). For the
L, transition in H-like ions g;/g> = 1/3. In Sec. III,
plasma parameters and inversion schemes for Be-, B-,
C-, and N-like ions are discussed. In Sec. IV, experimen-
tal results obtained with O11, O 111, Cii1, and N 111 ions
for transitions with g1 /g2 > 1 are presented.

II. ON THE GENERAL CONDITIONS
REQUIRED FOR POPULATION INVERSION
TO THE GROUND STATE

Ground-state lasers are nothing unusual. For example,
the well-known 694-nm ruby laser—the first laser ever to
be operated—is a ground-state laser. From the experi-
ence with ground-state optical lasers, it is known that
they need higher pumping rates for their operation than
lasers with the working transition between excited levels,
and that they can be reasonably well modeled by a sim-
ple three-level scheme (see, for example, [6]). Therefore,
to find an optimal way for the creation of an inversion
between the ground and excited states of an ion we also
consider an idealized three-level model (see Fig. 1).

Two neighbor ion stages connected by a pumping pro-
cess (three-body recombination cascade) having the rate
W, [s7!] are assumed. This pumping produces the re-
quired ion population directly in the upper laser state. It
is also assumed that the radiation corresponding to the
2-1 transition (Agz; is the probability of the spontaneous
radiative decay) is still weak enough so that stimulated
transitions can be neglected. The trivial rate equations
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FIG. 1. Idealized three-level scheme for the ground-state

soft-x-ray laser.

for the populations N; of the various states are then

dN() dNZ
—dt— = —NOWp, 7 = NOWp - N2A217
dN,
= Ny, A 1
dt 24121, ( )

where Ng + N1 + N2 = N is the constant total pop-
ulation, and for ¢ = 0 the initial conditions are Ny =
N —n, N, =0, N; = n, with n being the initial popu-
lation of the ground state. Note that the probability of
the stimulated transition in the active medium is equal
to Az1vdQ/4m, where v is the average number of pho-
tons per mode corresponding to the 2-1 transition and
dQ is the solid angular size of the active medium (usu-
ally d2/4m ~ 1075-1073). Therefore, the isotropic spon-
taneous decay will still dominate the stimulated decay up
to rather high values of v.

The formal solution of the above rate equations with
W), depending on time is given by

No = (N — n)exp (— /ot Wp(t’)dt’) ,

Nz = (N - TL) exp(-—Aglt) A Wp(t')

X exp (— /Ot Wp(t") — Ag]]dt”) dt'. (2)

N, is then found from the conservation of particles. The
corresponding time evolution of the population inversion
AN = Nz - ngz/gl is

AN = z_j{(N —n) EXP(*Azlt)/O [(Wp(t')g1/92 + A21]

t,
x exp [— / (W, (¢") —A21]dt”] dt’
0
+(N — n) exp(—Aat) — N} (3)
For a general consideration we can assume that the
pumping rate is constant during the rather short time

interval when an inversion can occur. In this case,

AN = %TN(I — ,8){91/7—9_2_%1 exp(—7/7)

SR pr) - 25 ) (@

where 8 = n/N, v = Az /W, and 7 = Ay t. Note, that
for the special case, where v = 1, Eq. (4) reduces to

AN = %N(l — B)[exp(—T) + (91/92 + 1)T exp(—7)

-(1-p"". (5)

For small 7, the population inversion (4) is given by

AN = N[-Bg2/91 + (1 — 8)7/v]. Initially, it is nega-

tive and its growth rate (1 — )/ is independent of the
ratio g1/g2.

In Figs. 2(a)-2(c) the time dependence of the rela-

tive population inversion AN/N is shown for various
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FIG. 2. Time dependence (a)—(c) of the relative popula-

tion inversion for different ratios of g1 /g2 and initial popula-
tions of the ground state, 3 = N;/N.
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FIG. 3. Same as Fig. 2 for lower pumping rates.

g1/g2 ratios and initial populations of the ground level,
B = N1/N. Calculations are performed for a high pump-
ing rate, W, = Ay; or v = 1. It is trivial that the posi-
tive inversion always exists if the initial population of the
ground state is exactly zero, (8 = 0). The correspond-
ing curves, with 8 = 0, are shown in Figs. 2(a)-2(c) to
demonstrate the limiting values of a possible population
inversion and its duration. The time behavior shown in
Fig. 2(a) models the case of the L, transition in H-like

0.5 . ——r

ions with g1 /g2 = 1/3. As can be seen, for the creation
of a population inversion on the L, transition, the ini-
tial population of the ground level should be very low,
B ~ 102. For the lower pumping rate, W, ~ A3;/10,
the allowed value of the initial population reduces to
B ~ 1073. This conclusion coincides with the predic-
tions of detailed calculations [2]. The creation of such
low initial populations of the ground level and, at the
same time, realization of high pumping rates is a very
difficult experimental problem.

In Figs. 2(b) and 2(c) it is shown that more favorable
conditions exist for transitions with larger g1 /g2 ratios.
In this case, for a high pumping rate, W, = Aj, the
allowed initial populations of the ground levels can be
much higher. For transitions with g;/g2 = 3, for exam-
ple, the inversion can be created even when 8 = 0.4. An
additional advantage is the possibility of a considerable
reduction of the pumping rate, as it is shown in Fig. 3(a)
for W, = A3;/10 and Fig. 3(b) for W, = A3,/100. It
is essential that for these much lower pumping rates the
allowed initial population of the ground state is the same
as in Fig. 2(a) for the L, transition.

The time of the maximum inversion, 7 = Tinax, can be

found from the condition d(AN)/dr =0,

y-1 g91/92 +~

Tmax =

where for v = 1 Tmax = g1/(g1 + g2). Note that Tmax is
independent of 3. When 3 # 0 the population inversion
at the moment 7 = 7T, can still be negative. It crosses
the zero level AN (Tmax) = 0 when 8 =8, =1— (1 +
91/92) ! exp(Tmax). This function is shown in Fig. 4 for
different ratios of g;/g2. A positive inversion exists for
B < Ber- It can be clearly seen that the region of the
parameter space available for the creation of inversion
becomes larger with the growth of the ratio g;/g2.

In the next section we present examples of the more
favorable soft-x-ray laser schemes and discuss plasma pa-
rameters that can be created due to optical field ioniza-
tion.

FIG. 4. Critical values for the allowed ini-
tial populations of the ground state.
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III. PLASMA PARAMETERS
AND INVERSION SCHEMES

Atoms and molecules in an intense short-pulse laser
field undergo rapid ionization. Each new ion state is
created when the laser intensity reaches the level of the
so-called appearance intensity I,, which is well predicted
by a simple overbarrier model [7] I, = L, E}/256R*Z? =
4.0 x 10°E#/Z? W /cm?, where I,; = 3.5 x 10'® W/cm?
is the atomic intensity, R = 13.6 eV, E; is the ionization
energy of the atom (ion) in eV and Z is the charge of
the produced ion. The ionization mechanism is usually
characterized by the Keldysh parameter v = (E;/2U,)/?
(8], where U, = e2E?/4mw? is the average energy of elec-
tron oscillations (ponderomotive potential) in a linearly
polarized laser field with the amplitude E. Introducing
the appearance intensity in the above expressions, we ob-
tain U, = E#/128RZ%w? for the ponderomotive poten-
tial and v = 8Zw(R/E?)*/? for the Keldysh parameter,
where w and E; are in eV. Ionization occurs in the tun-
neling regime when vy < 1 or E; > 4R'/3 (Zw)?/3. In our
experiments (see Sec. IV) the laser frequency is w = 1.6
eV and the condition for tunnel ionization of atoms and
molecules (Z = 1) can be written as E; > 13 eV. This
condition is approximately fulfilled in our experiments
with O;, CO2, and N, gases.

In a series of papers [9], it was shown that in the tunnel-
ing regime the simple molecules are ionized as if they were
structureless atoms with an ionization potential equiva-
lent to that of the molecular ground state. In this case,
the electron distribution function after the tunnel ioniza-
tion in a linearly polarized laser field can be written in
the form [10] (here the asymptotically correct value for
the normalization constant is introduced)

F(e)d£=\/§(l__2€7p)'l (%;)—1/2

-1/2] 4¢
xexp[b—b(l-—z—gﬁ—) jl;l-j‘“y (7)
P P

3/2
1 Ea

where £ is the electron energy, E,s = 5.1 x 10° V/cm
is the atomic unit of field strength, and E is the am-
plitude of the laser field. This electron distribution
results from the quasistatic model for tunnel ioniza-
tion. It is easy to show that in the most impor-
tant case, when £& <« 2U,, the distribution (7) trans-
forms into the one-dimensional Maxwellian distribution
with respect to energy F(£) = (nTE)~'/2exp(—£/T)
or momentum f(p) = (2nT)~/2exp(—p?/2T), where
T = 3/2 x E3/(2E;)%?w? is the electron temperature
in atomic units.

In a more consistent approach [11] the probabilities of
tunnel ionization into free-electron states with a definite
momentum were derived. After renormalization of these
probabilities, one can obtain the following electron distri-
bution function f(p)d®p = f(p)f(pL)dp d®pL, where
(atomic units are used):

3 12 P
f(py) = (2nT)) "% exp (—2—1,“),
2
f(pL) = (2nTy)  exp (——’l) , (8)

_ 3 E° 7 = E
T 2(2E:) 2w’ Tt T 202E)?

A simple derivation of this and other electron distribu-
tions and comparison with available experimental data
will be published elsewhere [12]. The electron distribu-
tion function (8) is strongly anisotropic in directions (||)
and (L) to the laser field, since usually 7)) > T . Note
that the distribution with respect to p) coincides with
the distribution obtained above from (7).

The distribution function with respect to elec-
tron energy corresponding to the two-temperature
Maxwellian distribution (8) can be written as F(£)d€ =
Fp(E) ®odéE,

Fag =21~ Y27 —3/2\/€ exp(—£/T),
T3/2

1
_ ¢ 2
d, = TLTHI/Z /(; exp [T(I/T_L - 1/T))(Tx

Ty

_T||/3) dz, (9)

with T = (T} + 2T.)/3, where Fps is the Maxwellian
distribution function and ®, takes into account the tem-
perature anisotropy. In Fig. 5, this distribution function
is shown for constant temperature T' and several ratios
of T);/T1. As can be seen, the density of cold electrons
increases with the growth of anisotropy.

Tunnel-ionized plasmas and relaxation of strong tem-
perature anisotropy have been recently studied experi-
mentally and theoretically using particle simulations [13].
It has been shown that a crucial role in the temperature
isotropization is played by the Weibel instability. Ex-
pressions for the temperature isotropization time scale
due to this mechanism can be found in [13]. A more
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FIG. 5. Two-temperature Maxwellian distribution func-
tion (9).
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detailed discussion of relaxation processes is beyond the
scope of this paper and will be published elsewhere [12].

After relaxation of the strong temperature anisotropy
(Ty < T'L) the electron distribution becomes Maxwellian
with the temperature

T ~ T} /3 = 4R%*(E/E..)®/ B/ *w?.

To estimate this temperature we again use the ion ap-
pearance intensity. This gives

10 B}

T=2"" G (10)
where w is in units of energy. This temperature rapidly
increases with the ion charge. For example for H-like ions
it is given by T = 2719Z%R3 /w2, Therefore, in order to
keep the electrons cold, it is advantageous to work with
relatively low ion states. The expressions derived above
provide an estimate of the plasma parameters created
after tunnel ionization.

Now we turn to the discussion of ion candidates that
are more favorable for the creation of an inversion to the
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ground states. We consider low-charged ions with a par-
tially filled L shell. In Figs. 6(a) and 6(b) the energy
levels, wavelengths (in A), and radiative decay proba-
bilities (in s~!) for transitions in O1III and O 11 ions are
shown. If the laser intensity is high enough to ionize most
of the oxygen atoms (molecules) to the O1v stage, and
if the free electrons are left cold, then due to the three-
body recombination cascade an inversion can be created
on the 2p3s(3P)-2p*(3P) transition (g1/g2 = 1) in O 111
ions. The laser intensity I; which is necessary for ioniza-
tion of O 111 ions (F; = 54.936 €V) is I; > I, = 4.0 x 10'®
W /cm?. The ionization of OIV ions (E; = 77.414 eV)
begins when I; = I, = 9 x 10'® W/cm?2. Thus, for the
realization of inversion in O1III ions the laser intensity
should be I; ~ 101® W /cm?.

Three different types of Maxwellian distributions will
be created after the tunnel ionization of oxygen atoms
in the short pulse laser field (w = 1.6 eV), with the ef-

fective temperatures T; = 7.6 x 10 SE; /2 /Z3 eV found
from (10), where T; = 0.96, T, = 8.5, and 75 = 18.9
eV. These distributions are created due to successive ion-
ization of oxygen atoms, single charged ions, etc. Note
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A=10""
1=303.66

10
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FIG. 6. Energy levels, wavelengths, and
radiative decay probabilities for transitions
in O (a) and O11 (b) ions.
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that for oxygen molecules the ionization potentials are
lower than for atoms, therefore, the corresponding elec-
tron temperatures will also be lower.

Throughout this paper, we assume a three-body re-
combination as the dominant pumping mechanism. But
it should be noted that in the case of optical field ion-
ization of molecules, additional pumping processes can
exist. As was shown in [9], optical field ionization of
simple molecules (i.e., diatomic and triatomic) occurs
prior to any considerable fragmentation. If the ioniza-
tion process creates a strong charge asymmetry inside
the molecule, then one of the ion fragments can be pro-
duced in an excited state due to electron transfer from
the lower charged ion (or neutral) to the higher charged
ion during the fragmentation. Another possibility is re-
lated to the pumping due to the charge transfer processes
in collisions of ions with molecules from the surrounding
gas. This can be an effective pumping mechanism. The
ionic fragments are accelerated during the fragmentation
via Coulomb repulsion and their angular distribution is
strongly anisotropic with the maximum ion flux along the
direction of the laser field. More detailed information on
multielectron dissociative ionization of molecules in an
intense laser field can be found in [14].

For experiments performed in the confocal geometry
(see below) the transverse size of the plasma channel cre-
ated in a gas jet (cell) is small, d ~ 10 — 100 ym. There-
fore, part of the fast electrons (especially those that ap-
peared during the last ionization stage, with T' = T3),
which are moving along the direction of the laser field,
can leave the plasma channel region without any inter-
action within the characteristic time ~ d/v|, where v
is the corresponding thermal velocity. Colder electrons
will remain captured inside the plasma channel due to its
positive charge. Therefore, it is reasonable to expect that
the effective temperature in the plasma channel will be
lower than Teg < (T1 + T2)/2 ~ 5 €V, since the hottest
electrons from the last ionization stage will be rapidly
lost. If Teg will be lower than the energy differences be-
tween the 2p3p, 2p3d and 2p3s, 2p3p states in O1III [see
Fig. 6(a)], Ter < 2—3 €V, then collisional deexcitation of
2p3d and 2p3p states will provide an efficient population
transfer into the 2p3s states. Recall that the sufficient
pumping rate for the creation of a population inversion
between 2p3s(*P) and 2p%(3P) states is W, = Az;/10.
The radiative decay probability of the 2p3s(3P) state is
10 times smaller than in the case of the L, transition
in H-like Li ions, where amplification has been observed
[3]. Therefore, in comparison with H-like Li ions the nec-
essary conditions for the inversion in O1II ions are con-
siderably simplified, since the pumping rate can be 100
times slower.

There is an additional advantage of lasing to the
ground electron configuration in complex ions. It is re-
lated to the splitting of this configuration (due to elec-
trostatic interaction) on different LS terms. Therefore,
the lower laser level (LS term) belonging to the ground
electron configuration can be located above the actual
ground state of this ion. This is illustrated in Fig. 6(b)
for O1I ions, where an inversion can be created on the
2p?3s(2P)-2p3(2D) transition with g;/g; = 5/3. The
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lower laser level is located above the 2p®(4S) ground
state. This creates an exit channel out of the lower
laser level due to electron-impact deexcitation and sim-
plifies the threshold conditions for lasing. This depopu-
lation mechanism can be efficient in the case of a suffi-
ciently high plasma density and when the electron tem-
perature is smaller than the corresponding energy differ-
ence between the lower laser level and the actual ground
state. For OII ions, electron temperatures of the order
of Teg ~ 1 eV are necessary.

In the next section experimental investigations of pos-
sible soft-x-ray lasing in O 11, O 111, Ci1il, and NIII ions
are discussed.

IV. EXPERIMENTAL RESULTS
AND DISCUSSIONS

In our experiments, a commercial, high repetition rate
(10 Hz), femtosecond Ti:sapphire laser system is used
(BMI model Alpha 10A). A detailed description of the
principal set-up is given in [15]. This system provides
150-fs laser pulses at 773 nm with a pulse energy of 80
mJ.

The laser radiation is focused with a f/12 lens (f =
250 mm) into gas jets, as it is shown in Fig. 7. As
gaseous media, Oz, CO,, and N, gases are used. They
are injected into the vacuum chamber (10=° Torr) by
a pulsed nozzle (General Valve Corporation, model Iota
One), which is synchronized with the laser system. The
nozzle is opened for about 200 ps. The backing pressure
can be varied in the range of 50 — 3000 mbar. The nozzle
has three output holes, with a diameter of 300 pm each.
The distance between the centers of these holes is 500 ym.
These holes can be opened and closed with a mechani-
cal shutter. This provides a possibility for a restricted
variation of the plasma length. Soft-x-ray spectra are
recorded in the direction of beam propagation by a graz-
ing incidence monochromator (Jobin Ivon, LHT 30, 550
lines/mm gold grating, spectral resolution ~ 0.3 nm) in
combination with microchannel plates (Galileo Chevron,
32-mm diameter). All spectra are time integrated by a
boxcar averager (EGG, mod. 162). The scanning speed
of the monochromator is 10 nm/min.

To determine the laser beam quality, we have per-
formed measurements of the focal spot size with the help

T:Sapphire
and MCP

To Vacuum
Pump

FIG. 7. Experimental setup.
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of the knife-edge method [16]. These measurements were
performed at atmospheric pressure with a strongly atten-
uated laser beam. The dimensionless factor M? = 3.5,
characterizing the resemblance of our laser beam to a
diffraction-limited Gaussian beam, was measured. When
the laser radiation is focused into the gas jet with the
f = 250-mm lens, the minimum radius of the focused
laser beam (beam waist), wo = M2f\/mw,, is 21.5 um,
where w, ~ 1 cm is the initial beam radius. The Rayleigh
length, zp = wo f/ws, is of the order of 540 pym, and the
confocal parameter ~ 1.1 mm. The estimated maximum
laser intensity in the focal spot is 4 x 10'® W/cm?. How-
ever, the actual intensity in our experiments may well
have been 2 — 3 times lower. This intensity is still large
enough for the optical field ionization of OIII ions over
the length of ~ 1.5 mm in the confocal geometry.

In Fig. 8, an example of a plasma spectrum produced
in O, gas jets is shown for a backing pressure of 160 mbar
and 3 holes open. As can be seen, the O 111 2p3s (3P)-
2p? (3P) line at A; = 37.412 nm is anomalously strong
and absolutely dominating in the spectrum. The inten-
sity of the O 2p3s(*P)-2p%(1D) line at A, = 39.556
nm is surprisingly low. The 2p3s (1P) and (3P) levels
are located close to each other [see Fig. 6(a)], and in
the case of a Boltzmann distribution between them (and
AE < T) the intensity ratio of lines originating from
these levels, defined by the ratio of the corresponding
gA values, should be I;/I; ~ 1.7. The observed ratio
I/I, ~ 9 is very far from this value. This cannot be
explained by a strong reabsorption of the low intensity
line. Possible explanations are the presence of a stronger
pumping mechanism of the triplet state, very low elec-
tron temperature (T' < AE), and/or amplification of the
high-intensity line.

Note that in our experiments we are not able to distin-
guish between the different pumping mechanisms, such
as three-body recombination or charge transfer in ion-
molecule collisions, when ions leave the plasma (since
the electron temperature and plasma density were not di-
rectly measured). In principle, both pumping processes
can be important. But with the growth of the plasma
density the role of three-body recombination pumping
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FIG. 8. An example of a “longitudinal” spectrum of a
plasma produced in an oxygen gas jet at a backing pressure
of 160 mbar.

increases faster due to its quadratic dependence on elec-
tron density. Since we observe that the 2p3s(3P)-2p2(3P)
line remains the strongest in the spectra up to a rela-
tively high backing pressure ~ 800 mbar, we conclude
that the three-body recombination pumping is the dom-
inant mechanism.

As can also be seen in Fig. 8, the 2p3d-2p? lines are
very weak. This can be explained when we assume that
the actual electron temperature is lower than the energy
differences between the 2p3p, 2p3d and 2p3s, 2p3p levels
[see Fig. 5(a) and discussions in Sec. III}, T < 2 — 3 eV.
In this case, collisional deexcitation of 2p3d levels (due to
2p3d-2p3p transitions), which is faster in our experimen-
tal conditions than their radiative decay to the ground
states, provides an efficient quenching of 2p3d-2p? lines.
When electrons are hot, T' > 5 eV, the intensities of these
lines will grow due to collisional excitation from 2p3s and
metastable 2p3p states.

The O1v 3s5(25)-2p(®P) line at 27.983 nm is clearly
seen in the spectrum. This indicates that the laser in-
tensity was sufficient for the optical field ionization of
O 1 ions. Raman heating and electron-impact collision
ionization to the O1Iv stage can be ruled out. The as-
sumption about high electron temperature contradicts
our observations — very low intensities of 3d-2p lines.
Moreover, the laser intensity and the particle density in
the gas jet are too low for this mechanism to be effective.

To verify the possibility of amplification on the
2p3s(3P)-2p?(3P) line, the number of open holes was
varied. A nonlinear intensity growth in this line was ob-
served. One sequence of the recorded spectra is shown
in Fig. 9. The backing pressure was 165 mbar. The gain
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FIG. 9. Oxygen spectra for various numbers of open holes
(backing pressure is 165 mbar).



1636

B. N. CHICHKOY et al.

FIG. 10. An example of a spectrum pro-
duced at a backing pressure of 900 mbar in
oxygen.
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coefficient that can be estimated from these (and other)
data is > 10 cm~!. This amplification is not a geometri-
cal artifact, since we observe linear growth of intensities
for several low opacity nonlasing lines. This also supports
our assumption of more or less uniform conditions along
the lasing axis. Note that the pressure in a gas jet is at
least 10 times lower than the backing pressure. As shown
below, at these low densities the refractive defocusing of
the laser radiation can be neglected.

The small angle ¢ of the laser beam refraction due to
the density gradient (defocusing angle) can be estimated

from
_LIVn| L rwp\2

¢ = n d ( w ) ’ (11)
where L ~ 1 mm is the plasma length, d ~ 45 pym is
the laser beam diameter, n ~ 1 — w2/2w? is the index of
refraction due to free electrons, and wy, is the plasma fre-
quency. We assume here that the electron density gradi-
ent length is of the order of the laser beam radius. Refrac-
tive defocusing can be neglected if ¢ remains smaller than
the half-angle of the laser beam divergence 8 = w,/f.
The condition ¢ < 6 is equivalent to

1 dw, hw 2
16ma3 \ Lf R)’

where N, is the electron density, ap = 0.529 x 1078 cm
is the Bohr radius. For our experimental conditions Eq.
(12) gives N, < 3 x 10'® cm™3. This is definitely fulfilled
at the backing pressure of 165 mbar used before.

In Fig. 10 an example of a “normal” spectrum pro-
duced at a backing pressure of 900 mbar is shown. In
this case, due to a strong defocusing of the short pulse
laser radiation, field ionization of O 111 ions over the whole
plasma length is impossible and O 11 lines become strong.
Several harmonics of the pump laser radiation can be seen
in this spectrum. Note that the ratio I;/I;=2.3 is still
bigger than 1.7. If the origin of this difference is due
to the Boltzmann exponent, which was not taken into
account, the electron temperature should be T' ~ 2 eV.
The indication that even for such densities the plasma

N, <

(12)

remains relatively cold follows again from the relatively
low intensities of 2p3d-2p? lines.

To test the possibility of lasing on the 2p%3s(2P)-
2p®(2D) transition at 61.656 nm, which was suggested in
Sec. III, the backing pressure was reduced to 700 mbar to
ensure that O1I ions are completely ionized. Examples
of our spectra for a different number of open holes are
shown in Fig. 11. A nonlinear growth of the correspond-
ing line intensity can be seen. In contrast, the intensities
of the other lines remain approximately constant, which
can be explained by their reabsorption at this high pres-
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FIG. 11. Oxygen spectra for various numbers of open
holes (backing pressure is 700 mbar).
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sure. An estimate of the corresponding gain coefficient
(with the Linford formula [17]) gives a very high gain
value of ~ 25 cm~!. Note that the defocusing of laser
radiation, which cannot be neglected in this case, leads
to some uncertainty in the gain value.

The evidence for amplification demonstrated above
(Fig. 9 and Fig. 11) is not overwhelming. The time-
resolved soft-x-ray spectroscopy technique could provide
more detailed information on the transient lasing. As dis-
cussed in [4], modification of the axial plasma expansion
with the plasma length might simulate gain conditions.

35 7] Clll energy levels

(2)
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This is ruled out in our case since we use separate gas
jets.

We have repeated our experiments with the CO, and
N gases instead of O;. In Figs. 12(a) and 12(b) en-
ergy levels for C 111 ions and a spectrum recorded at 150-
mbar backing pressure are shown. We expected to ob-
serve amplification on the C1 2s3s(35)-2s2p(3P) line
(91/92 = 3) at 53.823 nm. As can be seen, this line is in-
deed very strong. Unfortunately, in the time-integrated
spectra we have only observed an approximately linear
dependence on plasma length for this and also for the
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FIG. 12. Energy levels for
C i jons (a) and a spectrum of
a plasma (b) produced in a CO,
gas jet at a backing pressure of
150 mbar.
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O 111 line at 37.412 nm.

In Figs. 13(a) and 13(b) energy levels for N11I and a
spectrum recorded at a backing pressure of 150 mbar are
shown. As was expected, the 3s-2p line at 45.211 nm is
again the strongest in the spectrum. But no amplifica-
tion was observed. These results are preliminary, more
sophisticated experimental and theoretical investigations
are necessary. It is planned to repeat the experiments
with an increased pump laser energy and an improved
nozzle design.

90 100

V. CONCLUSION

We have suggested that favorable conditions for soft-x-
ray lasing to the ion ground states can be created in com-
plex ions. Low charged Be-, B-, C-, and N-like ions were
studied as potential candidates. Amplification on the
2p3s(3P)-2p%(3P) transition, (A = 374.12 A), in O 111 ions
and on the 2p23s(?P)-2p3(®D) transition, (A = 616.56
A), in O 11 ions has been observed.
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