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Amplification of soft x rays in Sr tZ=38) plasmas produced by second-harmonic laser irradiation
of exploding foil targets is studied. Gains of 4.4 and 4.0 cm ', respectively, have been measured for

0

the 164.1- and 166.5-A J=2 to 1 transitions in Ne-like Sr at laser intensities of 1.3X10' W/cm'.
Numerous x-ray and soft-x-ray transitions were identified in order to demonstrate typical spectra
from x-ray laser plasmas and infer information regarding the plasma ionization balance. The J=O

0 0

to 1 transition at 159.8 A, analogous to the well-known Se J=O to 1 line at 182.4 A, was not
definitively observed due to a wavelength overlap with a Na-like Sr line. Two other J=O to 1 transi-

0
tions of interest at 84.9 and 133.0 A were not observed. Reduced gain on the J=2 to 1 lasing lines

was seen for several shots taken at a lower pump laser intensity of 7.0X10" Wfcm-'. Possible
reasons for this are considered. The results of this work imply the feasibility of a high-output-power

0

cavity geometry Ne-like Sr x-ray laser operating at 164.1 and 166.5 A.

I. INTRODUCTION

Collisional excitation of Ne-like ions as a scheme for
demonstrating x-ray lasing was first proposed and later
refined throughout the 1970s. ' Since the demonstra-
tion of soft x-ray amplification in Ne-like Se in 1984, '

significant progress has been made in characterizing,
isoelectronically scaling, and boosting the output power
of Ne-like x-ray lasing systems. In particular, in plasmas
produced by 0.53-pm light, up to 16 gain lengths have
been observed in Ne-like Se (Refs. 6 and 7), and lasing has
been demonstrated in Y (Z =39) and Mo (Z =42)." In
addition, gain in ¹like Ge (Z = 32), ' ' Cu (Z = 29),
Ga (Z =31), ' As (Z=33), ' and Se (Z =34)" has been
reported in plasmas created by 1.06-pm-wavelength laser
irradiation. Amplification has also been observed in Se
(Ref. 13) in plasmas produced by 0.35-pm light. (An
overview of progress in Ne-like x-ray lasers has been
given in recent reviews. ' '

j

In this paper we present detailed spectroscopic rnea-
surements and the first measurement of soft-x-ray
amplification in Ne-like Sr (Z =38). Sr was chosen as an
element to study for several reasons. First of all, it is of
interest from the point of view of Ne-like kinetics.
Differences in the behavior of the gains of certain J =0 to
1 lines have been observed as a function of Z, ' and hence
it is of interest to attempt to measure gain on these J =0
to 1 transitions in as many different ions as possible. In
addition, Sr is an ideal element from the point of view of
x-ray laser applications. The bright J =2 to 1 lasing lines
at 164.1 and 166.5 A lie just on the long-wavelength side
of the Si L absorption edge at 123 A. Hence, they are in
a wavelength range ideal for Mo and Si x-ray optics.
Rapid progress in the fabrication of high-reAectivity mul-
tilayer structures in this wavelength region has been re-
cently reported. ' The recent demonstration of cavity

operation of x-ray lasers ' thus indicates that in principle
a multipass Sr x-ray laser could provide a high brightness
output at 164.1 and 166.5 A. Such a laser could be useful
in experiments such as x-ray holographic imaging of
dry-cell material and nonlinear x-ray optics. Cavity
operation of an x-ray laser may also allow x-ray
amplifiers to be eventually pumped with much smaller
optical lasers than those currently used. Finally, recent
experiments by Monier et a/. have demonstrated
fluorescence of the 2p -2p 3d line at 6.059 A in Ne-like
Sr due to photopumping of this transition by Ly-P emis-
sion at 6.053 A in H-like Al. Photopumping may possi-
bly be used to enhance the gain on transitions in the 3p-3s
manifold (in particular, on several J=0 to 1 transi-
tions '), and hence the measurement of gain in the non-
photoassisted case is of interest.

The remainder of this paper is divided into four sec-
tions. Section II describes the experimental setup, in-
cluding laser and target conditions as well as the diagnos-
tics used. The experimental results are presented and dis-
cussed in Secs. III and IV, respectively. Section V will
summarize the results and conclusions of this work and
will present directions for future research.

II. EXPERIMENTAL SETUP

The experiments described in this paper were carried
out at the Phoebus laser facility located at the Centre
d'Etudes de Lirneil-Valenton, France. The facility is
similar in overall plan to the Nova two-beam chamber.
Each of the two beams of the Phebus laser is identical to
a single beam of the Nova laser facility at Lawrence
Livermore National Laboratory. Pulse widths ranging
from 100 ps to several nanoseconds and up to 5 TW per
beam of power at the first harmonic are available. For
these experiments, Phebus provided up to 1400 J/beam of
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0.53-pm light in a 500-ps full width at half-maximum
Gaussian pulse.

Figure 1 shows a schematic of the Phebus target
chamber and associated diagnostics. The radius of this
chamber is 130 cm, as compared to 80 cm for the Nova
two-beam target chamber. The target was positioned at
chamber center by a positioner capable of both transla-
tional and rotational movement. Each laser beam was fo-
cused onto the target by a pair of counterrotating cylin-
drical lenses and a single f/4. 3 spherical lens. In this
configuration a line focus continuously variable in length
up to 2.7 cm was available. In an actual experiment, the
line-focused beams were superimposed on the target;
these beams were aligned using the alignment system
shown in Fig. 1 and were colinear to within 1.5 mrad.
Target foils of 0.8, 1.7, and 2.2 cm length were used in
these experiments; the target foils were overfilled by the
line focus in order to avoid effects arising from cold-edge
plasmas. The alignment system for the targets was in-
tegral with that of the McPigs spectrometer (described
below) and has been described previously. '

The diagnostics used in this work are also shown in

Fig. 1. The two principal diagnostics used to record soft
27x-ray spectra and measure gain were a Mc Pigs

(microchannel-plate intensified grazing incidence spec-
trometer) and a transmission-grating-streaked soft-x-ray
spectrograph (Spartuvix). The former provides high-
resolution (b, A, -0. 1 —0.2 A) time-gated spectra, while the
Spartuvix spectrograph yields continuous time resolution
with reduced spectral resolution (hk-0. 6 A).

The McPigs spectrometer operates at a 2' angle of in-
cidence and utilizes gated microchannel plates with three
cesium iodide —coated gold striplines to provide temporal
resolution. In this case, each of the three individual
striplines records soft-x-ray spectra starting before the
laser pulse and up to a user-specified gate-off time. For

this work, the three striplines were gated off at 300 ps, 1.5
ns, and 10 ns after the peak of the incident laser pulse.
The alignment method for the McPigs spectrometer was
as in previous work on the Nova two-beam laser and has
been described elsewhere. The spectrometer had an ac-
ceptance of 8 mrad in the horizontal direction and 0.4
mrad in the vertical; it was aligned colinear to the x-ray
laser axis to within an accuracy of 1.5 mrad. As the ex-
pected geometric divergence for the output beam was 7
mrad, the McPigs spectrometer was aligned sufficiently
precisely to view the whole x-ray laser plasma, with the
spectrometer axis colinear with the direction of axial
emission.

The Spartuvix spectrograph uses a streak camera in
conjunction with a transmission grating to produce time-
resolved measurements of soft-x-ray emission. Alignment
of the Spartuvix diagnostic was done at the onset of the
experimental campaign by aligning the instrument to the
x-ray laser axis as defined by the target alignment system.
(This alignment proved to be very stable; it was not
necessary to align the Spartuvix spectrograph for each
shot. ) The Spartuvix diagnostic has a horizontal and
vertical acceptance of 4 and 0.1 mrad, respectively. The
diagnostic has a threshold detection level of 50 W/ster A
and a time resolution of 3 ps, and was capable of detect-
ing x-ray laser emission from the shortest targets (0.8 cm)
examined.

In addition to the Spartuvix and McPigs diagnostics
that looked down the x-ray laser axis, a pair of streaked
x-ray crystal spectrographs positioned off-axis were used
to look at n =3 to 2 x-ray emission from these plasmas.
Time-integrated x-ray crystal spectrometers were also
employed. A set of time-integrated x-ray pinhole cam-
eras (filtered to look in the 1.5-keV region) used to mea-
sure the line-focus width and verify beam superposition
completed the diagnostic suite.
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FIG. 1. Diagram of the Phebus target chamber and associated diagnostics.
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III. EXPERIMENTAL RESULTS

The exploding-foil targets employed in these experi-
ments consisted of CH foils of areal density 10pg/cm
overcoated with 80 JMg/cm of SrFz. The majority of ex-
periments were carried out at a nominal irradiance of
1.4X10' W/cm . (All irradiances quoted in this paper
are total, not per beam, values. ) This intensity was de-
rived from a simple scaling model for gain in Ne-like sys-
tems, and was estimated to be the optimum intensity for
these targets. ' This intensity is intermediate between
the 7 X 10' and 4 X 10' W/cm intensities used in previ-
ous work in Se (Refs. 4 and 5) (Z =34) and Mo (Ref. 8)
(Z =42). The actual average measured intensity for this
case was 1.3X10' W/cm . The beam profile on target
was observed to be uniform within 20% as measured by
the x-ray pinhole cameras.

In addition, several shots were also carried out at a
lower irradiance of 7 X 10' W/cm . The 1.3 X 10'
W/cm and 7.0X10' W/cm experiments will be re-
ferred to henceforth as the "high" and "low" irradiane
cases. This pump-laser intensity variation was done in
order to estimate the effect of pump-laser intensity on the
observed spectra and measured gains. As precise varia-
tion of the laser energy was not possible over the limited
number of shots available, the intensity was varied by set-
ting the line-focus width to either 150)um or 300 pm (full
width at half maximum) for the high and low irradiance
cases, respectively.

Figure 2 shows a simplified Grotrian diagram for Ne-
like Sr and identifies the primary lasing transitions.
[Note the (2p3&~3d5&~), level, which was the upper state
pumped by the AI Ly-P line in the experiments of Monier
et al. ] Based on previous results in Se (Refs. 4, 7, and
14) and Mo (Ref. 8), the two 1=2 to 1 transitions at
164.1 and 166.5 A are expected to have the highest gain.
The three J =0 to 1 transitions shown in Fig. 2 are also
of interest. The 84.9-A transition shares the same upper
level as the 159.8-A J =0 to 1 line; measurement of gain
on the 84.9-A transition would thus yield information re-
garding the population of the (2p&&z3p&&z)0 level. (The
line analogous to this at 113.4 A in Ne-like Se has been
observed, but no systematic attempts have been made to

0
measure its gain. ) With respect to the 133.0-A transi-
tion, gain has been observed on the corresponding line at
106.4 A in Mo; observation of the analogous line in Se at
168.7 A is complicated by the presence of a nearby Na-
like Se transition. ' Measurement of gain on the Sr
133.0-A line should thus provide information on the Z
scaling of J =0 to 1 gains, which could yield insight into
issues such as the relatively weak amplification of certain
J=0 to 1 transitions. In Fig. 2 the wavelengths of the
164.1- and 166.5-A lines are taken from the work of
Wyart et al. ; a detailed listing of the sources for the
wavelengths quoted in Fig. 2 is given in Table I. The
description of the experimental results given below will
be divided into a discussion of (a) soft-x-ray gain mea-
surements and spectroscopy, and (b) x-ray spectroscopy.

2p 3p

(2p„,3p„,)J,
(2psi~ 3dsia) J=1

(2p3/2 3/2) J 1

(2p«~ 3s, (~)

(2p31$ 3s«~)J
0
UJ

0
CO

(2p')J p

Ne-like Sr ground state

FIG. 2. Grotrian diagram for Ne-like Sr showing transitions of interest.
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A. Soft-x-ray gain measurements and spectroscopy

Figure 3 shows a McPigs spectrum from a 2.2-cm-long
SrFz target irradiated at a total intensity of 1.3X10'
W/cm . For this shot the spectrum was overexposed in
order to allow weaker transitions to be viewed, and hence
the relative intensities of various lines should not be used
as an estimate of the gain-length product for a certain
line. The principal lasing transitions shown in Fig. 2 are
identified. The two J =2 to 1 transitions are observed to
be the brightest lines in the spectrum, in accord with ex-
pectations. Two other bright Ne-like lines may be seen
(the Se analogous wavelengths' ' appear in parentheses):
the J =1 to 1 at 175.1 A (220.8 A) and the J =2 to 1 at
224.9 A (262.94 A). In the remainder of this section, we
will first describe J =2 to 1 gain measurements and then
turn to a discussion of detailed soft-x-ray spectroscopy;
this will be followed by a summary of results concerning
the three J =0 to 1 transitions shown in Fig 2.

Figure 4 shows the variation with target length of the
intensity of the 164.1-A transition as measured by the
McPigs spectrometer for both the high- and low-intensity
cases, along with inferred gain coeScients. In this figure
the line intensity versus length has been fitted to the fol-
lowing formula

(eaL 1)3j2I=-
aL)1/2

where I is the intensity in W cm ster ' integrated over
the line profile, a is the line-center gain coefficient, L is
the target length, and e is proportional to the emissivity.
The two-parameter fit used yields values for o. and e. The

gain curves are shown for both the high- and low-
intensity experiments; the differing values for the gain in
these cases will be discussed shortly. As can be seen from
Fig. 4, the measured gains on the 164.1-A line were
4.4+0.5 cm ' and 2. 1+0.6 cm ' for the high- and low-

intensity cases, respectively. The corresponding values
for the 166.5-A line were 4.0+0.5 cm ' and 1.1+0.9
cm '. The gains and emissivities derived from the two-
parameter fit to Eq. (1) are summarized in Table I. A dis-
cussion regarding the relative values of e for the two
J =2 to 1 lasing lines will be given in Sec. IV. Finally, in

measuring the gains it was verified that the x-ray continu-
um scaled linearly with increasing target length, as has
been observed in other exploding-foil Ne-like x-ray laser
experiments. '

Figure 5 shows the measured time history of the
164.1-A line from the Spartuvix diagnostic for a 2.2-cm-
long target irradiated at high intensity. The observed
duration of the laser emission is 182+30 ps full width at
half power. This is similar to the measured value of 170
ps for the Ne-like Se x-ray laser. ' Time durations
within 10% of this value were also measured for 1.7-cm-
long targets irradiated at high intensity as well as for
both 1.7- and 2.2-cm targets irradiated at low intensity.
The emission time for 0.8-cm-long targets was 245+30 ps
and 200+30 ps for the high- and low-intensity cases, re-

0

spectively. The time history of the 166-A emission was
similar to that of the 164-A line in all cases. It should be
noted that measurements of the time history of lasing us-
ing diagnostics such as Spartuvix are affected by refrac-
tion. ' ' "" The "sweeping" of the beam in the horizon-
tal plane past the limited acceptance angle of the axial di-
agnostic results in the measured time duration being less

159.6A J =O-1t

159.8 A Na-like

t

164.1 A J = 2-1

166.5A J = 2-1

175.1 A J = 1-1

JL
WP ~i++~,J.-r~

224.9 A J =2-1

e~~~ I ~
0
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l
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FIG. 3. Spectrum from a 2.2-cm-long SrF, foil irradiated at 1.3 X 10' W/cm-. The spectrum has been overexposed in order to al-

low weaker transitions to be viewed.
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than the actual value. In Se the true gain duration is
closer to 400—500 ps. A similar situation is expected to
hold for Sr.

A definitive gain measurement was possible only for
the two J =2 to 1 transitions. A two-point gain measure-
ment of 1.0 cm ' for the 224.9-A line was obtained at
high intensity, but the reliability of this measurement is
low due to the weak level of line emission. The 175.1-A
line was observed for both high and low irradiance, but
its intensity on shorter targets was too low to provide a
reliable gain measurement. By analogy with previous
work in Ne-like ions, ' ' however, observation of the

0
224.9- and 175.1-A transitions indicates that these lines
were probably being amplified.

We now turn to a discussion of the soft-x-ray spectra
observed from these plasmas. Figure 6 shows a late time
(gate off at 10 ns) McPigs spectrum taken from a 0.8-cm-

long SrF~ target irradiated at 1.4X10' W/cm . The
wavelength scale shown in Fig. 6 was generated using
previously reported lines of Mg- (Ref. 38), Na- (Refs. 39
and 40), and Ne- (Ref. 33) like Sr, Na- (Ref. 40) and Ne-
(Ref. 8) like Mo, and Ne-like Ge (Ref. 9) as wavelength

FIG. 5. Time history of the 164.1-A line as measured by the
Spartuvix diagnostic for a 2.2-cm-long target irradiated at high
intensity.

references. Polynomial fitting was used to derive a
correction to the grating equation as a function of wave-

length in order that the observed wavelengths of these
reference lines would agree with the values published in
the references above. The resulting error in the wave-
lengths of nonreference transitions as measured by the

0

McPigs spectrometer is +0.1 A.
In a recent paper Wyart et al. measured wavelengths

for a variety of lines in Na-, Mg-, Al-, and Ne-like Sr.
Comparison of the McPigs spectra with the line lists pub-
lished by Wyart et al. yielded the identifications shown
in Fig. 6. Note the large number of lines that originate
from lower stages of ionization than Ne-like. In all cases,
wavelengths of nonreference strontium lines agreed with
those quoted by Wyart et al. ' within the experimental
uncertainty. In fact, the major significant difference be-
tween the spectrum in Fig. 6 and that of Wyart et al. is
the increased intensity of the J =2 to 1 lasing lines. An

TABLE I ~ Summary table for transitions of interest in Ne-like Sr.

Transition A,s,.
' (A)

a (cm ')'
High Low

e (arb. units)'

High Low Comment

( 2p l /z 3p l, 2 )(,-( 2p &/, 3s, , ) l

(2p.&/23p&/2 )() (2pq/p3sl /g ) l

(2p l »3p l » )„-(2p,/, 3s„,) l

(2p»~3p», )~-(2p~/, 3sl/, ),
(2p l /~ 3p3/~ )~-(2p l /~ 3s

1 /2 ) l

(2p3/23p3/2)l (2p3/ 3sl/ ) l

(2p.~/23p i/2 )2 (2p3/23s l/~ ) l

113.43
168.96
182.44
206.42
209.81
220.31

262.94

84.88
132.98
159.80
164.1

166.5
175.1

224.9

4.4+0.5
4.0+0.5

2.1+0.6
1.1+0.9

3.4+3.0
4.9-~4.0

10+10
17+17

Not observed
Not observed
No definite observation

Identified; too weak
for gain measurement

Identified; too weak
for gain measurement

"Wavelengths from Ref. 35.
0"J=2 to 1 (164.1- and 166.5-A) wavelengths measured and in agreement with Ref. 33; J =0 to 1 wavelengths from Ref. 32; J =2 to 1

0 0

(224.9-A) and J =1 to 1 (175.1-A) wavelengths measured and in agreement with Ref. 32. Accuracy of Sr wavelength measurements
above +0.1 A.
' "High" and "Low" indicate experiments carried out at intensities of 1.3 X 10' and 7.0X 10"W/cm-', respectively.
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FIG. 6. Lineout of a soft-x-ray spectrum from the McPigs diagnostic for a 0.8-crn-long target irradiated at high intensity. Spectral
0

features from various ion stages are shown. The feature marked e is near the correct position of the 133.0-A J =0 to 1 line, but ap-
pears to originate from lower stages of ionization based on comparisons to the data of Wyart et al. (Ref. 33j.

additional result to that shown in Fig. 6 is the
identification of the nonlasing (2p3/23p3/2 ),-(2p, /~3d, /~ )~

transition at 157.1 A in Ne-like Sr. This line was ob-
served on the stripline gated off at 300 ps on several
shots. The line was not visible on striplines gated off at
1.5 ns and 10 ns (such as that shown in Fig. 6) due to the
large late-time continuum (common to most Ne-like sys-
tems) that acts to obscure weak transitions.

With respect to the three J =0 to 1 transitions in Fig.
2, consider first the bright feature at 159.8 A. This line
represents a blend of the Na-like Sr 3p-3s 159.77-A and
Ne-like Sr 159.80-A J=0 to 1 transitions. Due to the
small wavelength difference, it was not possible to resolve
spectrally the Na-like and Ne-like Sr transitions on the
McPigs spectrometer. However, the 159.8-A feature was
observed to grow slower than linear on all McPigs time
strips. For example, in lengthening the target from 0.8
cm to 1.7 cm the intensity of the 159.8-A feature in-
creased by a factor of 1.7 in the high-irradiance case and
was unchanged for the low-irradiance case. It was also

0
observed that the 159.8-A linewidth was greater than the
instrumental width of 0.27 A for both intensities on all
time strips. This type of behavior is well known for Na-
like lines and occurs because such lines are generally op-
tically thick; indeed, this effect has been observed in Na-
like Se lines. Thus, based on the McPigs data, the
159.8-A feature represents primarily Na-like emission.
However, data from the Spartuvix spectrograph was sug-
gestive of the Ne-like line being present at an early time.
In particular, the time history of the 159.8-A feature is
different from that of other Na-like lines, showing a peak
at early time coincident with the J =2 to 1 emission.
However, the data are not sufficiently clear cut to render
this a definitive observation of the J =0 to 1 transition.

Indeed, identification of the J =0 to 1 line for Sr is of
some interest, as there is a possibility that any gain on the
J =0 to 1 line may be suppressed due to absorption by
the nearby 159.77-A Na-like transition. Observation of
an effect of this type would be of interest to understand-
ing the issue of opacity, which is of importance for both
x-ray lasers and general plasma spectroscopy. The Na-

like wavelength of 159.77 A was measured by Reader
et al. The current best extrapolated value for the
wavelength of the Ne-like Sr J=0 to 1 transition is
159.80+0.05 A. ' Assuming X, =10 ' cm, T, =1 keV,
a Na-like Sr fraction of 20%, and Doppler broadening for
the Na-like line, one finds that the absorption coelcient
for the Na-like 159.77-A transition is of order 3000 cm
at 159.80 A, the calculated position of the J =0 to 1 line.
At the outer limit of the error bar for the J =0 to 1 wave-
length (159.85 A), the absorption coeScient is closer to 1

cm '. Clearly, it appears as if absorption of the J =0 to
1 line by the Na-like Sr 159.77-A line may be a significant
effect. The use of a higher-resolution instrument capable
of resolving these two transitions appears to be the best
option available to identify the J =0 to 1 line and deter-
mine if any absorption effects are present. Such a mea-
surement may be possible in the near future using an
ultrahigh-resolution spectrometer designed to measure
the linewidths of Ne-like lasing transitions. '

The other J =0 to 1 lines predicted to be at 84.9 and
133.0 A were not observed. The wavelength region near
84.9 A is relatively uncluttered and there was no evidence
for the presence of this transition. The spectral region
near 133.0 A is quite crowded, however, as can be seen in
Fig. 6. The lack of observation of the 133.0-A line was
substantiated by several observations. First, the spec-
trum in this region was very similar to that observed in
the point-focus spectroscopy experiments of Wyart
et al. As the transitions observed by these authors
were seen in spontaneous emission, this indicates that the

0
lines in Fig. 6 near 133.0 A also arose from spontaneous
emission. (Recall that Ne-like lasing lines are generally
very weak in spontaneous emission and only appear with
significant intensity when amplified in line-focused pro-
duced plasmas. ) There is an unidentified feature marked
o. in Fig. 6, but this was also observed by Wyart et ah. ,
thus indicating it arises due to spontaneous emission,
most probably from a lower stage of ionization such as
Mg-like Sr. In addition, for the experiments discussed in
this paper, feature a was observed to grow linearly with
target length, as were the nearby 130.74-A and 133.71-A
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Mg-like Sr transitions. Note that the absence of the
0

133.0-A line is of interest, as the analogous transition at
106.4 A in Mo has been observed to have a gain of 2.2
cm '. The implications of the lack of observation of the
84.9-A and 133.0-A lines will be discussed in Sec. IV.
Table I summarizes the conclusions regarding the princi-
pal Ne-like Sr lines of interest in these experiments.

B. X-ray spectroscopy

X-ray spectra due to both 3~2 and 4~2 transitions
in various Sr ion stages were also observed during these
experiments. Figure 7 shows a time-integrated spectrum
from a 2.2-cm-long SrF2 foil for the high-intensity case.
The film response has been removed from this data.
Emission features from Na-, Ne-, F-, and 0-like Sr are in-
dicated. The x-ray spectra of Sr have been examined by
several authors, and the brightest Ne-like transitions
are indicated in Fig. 7 using the standard 3 3, 38, etc, no-
tation.

Several features in the spectra of Fig. 7 merit discus-
sion. As an example, note the presence of the Zs-3d elec-
tric quadrupole line at 5.385 A, first observed by Gau-
thier et al. The ratio of this line to the 2s-3p Ne-like
3A transition has recently been demonstrated to be an
effective diagnostic of electron density in the case where
it is possible to resolve in both time and space the emis-
sion of these two lines. Unfortunately, however, the
time- and space-integrated nature of the spectrum shown
in Fig. 7 prevents any reliable diagnostic interpretation of
this line ratio. The 2s-3p F-like Sr features indicated in
Fig. 7 have also been identified in these spectra. These
lines have been identified previously in other ions; in
some cases, however, these features are mixed with 0-like
2p-3d transitions. ' ' In particular, the group of lines
near 5.53 A is composed of both F-like 2s-3p and 0-like

2p-3d lines. (The features near 5.4 and 5.46 A appear
quite unambiguously to be F like. ) However, assuming
that line intensities are in proportion to their gf values
and using the spectrum in the 4~2 region as a rough
guide to the abundance of F- and 0-like ions, one finds
that at 5.53 A the 0-like 2p-3d emission dominates the
F-like 2s-3p feature.

Indeed, spectral features from the Na-, Ne-, F-, and
0-like Sr ions are better separated in the 4~2 than the
3~2 spectral region, and this makes unambiguous
identification of emission from the latter two ion stages
somewhat easier. An analysis of the spectrum in the
4~2 region can thus yield rough information regarding
ionization balance. (Note that these lines are essentially
optically thin. ) In particular, it is of interest to compare
the time-integrated spectra shown here with that ob-
tained in other lasing elements such as Se and Mo, in or-
der to estimate if similar plasma conditions are present.
This comparison appears in Table II, where the relative
abundances of Na-, Ne-, F-, and 0-like ions are shown
for the Sr experiments in this paper as well as for earlier
experiments in Se and Mo. The relative abundances in
Table II were obtained by varying the species abundances
until good agreement with the experimental spectra in
the 4~2 spectral region was obtained. Within an ion
stage all lines were assumed to have an intensity propor-
tional to their gf value; no detailed kinetics model is used.
This technique in not meant to serve as an exact model-
ing of the experimental data and/or determination of the
true ion relative abundances. Rather, when applied in a
self-consistent way to spectra from different elements,
this technique allows a rough comparison of the relative
degree of ionization. Table II indicates that the relative
abundance of the various Sr ion stages in time-integrated
x-ray spectra is similar to that observed for Se. In addi-
tion, a comparison of the relative abundances agrees
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FIG. 7. Time-integrated x-ray spectrum taken from a 2.2-cm-long SrF~ foil irradiated at high intensity.
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10—TABLE II. Fractional abundances relative to the Ne-like
stage based on gf-weighted relative line intensities. These mea-
surernents are based on time-integrated 4-2 x-ray spectra ob-
tained under nominal target thickness (including CH backing)
and irradiance conditions for each element: Se (45 pg/cm-,
7X 10"W/cm- total), Mo (88 pg/cm-, 4X 10' W/cm total), Sr
(high intensity) (90 pg/cm-, 1.3 X 10' %/cm- total). Results for
the Sr low-intensity case are very similar to the Sr high-intensity
results above.

Ion Stage Se Mo Sr

Na-like
Ne-like
F-like
0-like

0.12
1.0
0.10
0.01

0.50
1.0
0.20
0.02

0.08
1.0
0.15
0.04

qualitatively with the broadening of the ionization bal-
ance as one proceeds to higher Z than is predicted by
simple kinetics models. '

Time-resolved 3~2 x-ray spectra were also obtained in
these experiments; the raw data from a 2.2-cm-long tar-
get irradiated at high intensity is shown in Fig. 8. In Fig.
9, a spectrum at time of peak emission from these data is
shown. Figure 9 also shows an equivalent spectrum tak-
en from a 1.7-cm-long target irradiated at low intensity.
The main transitions of interest are identified. Note the
strong similarity of these two spectra; the time histories
for the high- and low-intensity cases are similarly
equivalent. Indeed, comparison of the time-integrated
data yields the same result; the line ratios are nearly iden-
tical for the high- and low-irradiance cases. (The similar-

ity of the two cases is especially striking when compared
to the solid Sr target spectra of Monier et al. ' In this

2ns

F 2s-3p 0 2p-3d 3A F 2p-3d 3C 3F Na

3B 3D 3G

FIG. 8. Raw time-resolved x-ray data from a 2.2-cm-long
SrF, foil irradiated at high intensity.
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FIG. 9. Lineout of time-resolved x-ray spectra at peak emis-
sion time for (a) a 2.2-cm-long target irradiated at high intensity
and (b) a 1.7-cm target irradiated at low intensity. (c) shows the
simulated x-ray spectra taken at peak emission time for the case
shown in Table III. Note that in the data in (a) and (b) the
feature labeled 3C represents a combination of Ne-like and F-
like Sr emission, as can be seen from Fig. 7.

work, reduction of the irradiance from 3 —5 X 10' to
1 X 10' W/cm resulted in a dramatic weakening relative
to Ne-like line intensities of all the F-like Sr features in
the spectrum. ) This is evidence for the ionization balance
being similar for the low- and high-intensity cases, a fact
that we will return to in Sec. IV.
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FIG. 10. Time histories of the Ne-like and F-like 2s-3p lines
0

at 5.58 and 5.42 A for a 2.2-cm-long SrFz target irradiated at
high intensity.
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A typical example of the time history of 3~2 x-ray
emission for the high-irradiance case is shown in Fig. 10,
where the time evolution of the Ne-like and F-like 2s-3p
features at 5.58 and 5.42 A are plotted. Note the slightly
later start time and shorter duration of the F-like emis-

sion, as compared to the Ne-like emission. The observed
behavior is consistent with the plasma ionizing during the
laser pulse and peaking out in ionization near the F-like
and 0-like ion stages. In Sec. IV we discuss the implica-
tions of these time-integrated and time-resolved x-ray
measurements in regard to the observed high and/or low
irradiance variation in gain, and compare experimental
results to simulation.

IV. DISCUSSION

The primary result of these experiments is the demon-
stration of gains of 4.4 and 4.0 cm ' on the 164.1- and
166.5-A J =2 to 1 lines in Ne-like Sr. Due to the rela-
tively short wavelength of the lasing lines, the availability
of high-reAectivity multilayer optics in the 165-A spectral
region, and the reasonable pump-laser intensities re-
quired, the Ne-like Sr x-ray laser is well suited for use in
future applications work related to proof of principle ex-
periments involving x-ray laser holography and x-ray
optics.

Several features of the data merit further discussion.
First, as discussed earlier, one of the observations in these
experiments was the drop in the measured J =2 to 1 gain
resulting from the lowering of the laser intensity from
1.3 X 10' to 7 X 10' W/cm . While further experiments
are necessary to characterize this behavior fully, it is of
interest to investigate the cause of what was observed.
We have considered two possibilities for this behavior.
These are (a) Ne-like kinetics effects due to the presum-
ably cooler and denser plasmas produced at lower laser
intensity, and (b) changes in x-ray laser propagation
down the length of the amplifier due to the differing hy-
drodynamical conditions in the target produced by lower
intensity irradiation. Below, we will discuss the implica-
tions of both the experimental data and detailed simula-
tions in determining the relative importance of these two
effects.

While the available data do not definitively confirm one
or the other of these possibilities, x-ray and soft-x-ray
spectra suggest that propagation effects are responsible
for the reduced gain observed at lower irradiance. First,
as discussed earlier, time-integrated and time-resolved x-

ray spectra from low- and high-intensity targets show lit-
tle overall difference in line ratios between Ne-, Na-, F-,
and 0-like lines. This would indicate that roughly simi-
lar ionization conditions are being produced in both the
low- and high-intensity cases, and would thus tend to
suggest that differences in plasma temperature and ion-
ization balance are not responsible for the differing gains
measured. (A more quantitative discussion of the ob-
served x-ray spectra and their implication for the ioniza-
tion balance is given below. ) Note that opacity is not a
major issue complicating this interpretation, largely due
to relief of trapping due to bulk Doppler shifts. In par-
ticular, while the optical depth of the 3D line is of order

10, that of the 3A and 3B lines is of order l,and the F-
like 2p-3d and 2s-3p transitions are essentially optically
thin. Furthermore, time-integrated spectra in the 4~2
region (where the lines are also essentially optically thin)
show little difference between the low- and high-intensity
cases.

In a similar vein, the McPigs spectra as shown in Fig. 6
are very similar for the two irradiance cases. Thus, the
observed x-ray and soft-x-ray spectra indicate that refrac-
tion may be responsible for the reduced gain. Definitive
experimental demonstration of the presence of refraction
(which has been observed previously in Ne-like Se x-ray
laser experiments ' ' ) would require measurement of the
Sr beam output pattern at both low and high intensities.
In general, limited data are available at low irradiance; to
characterize the low-intensity behavior of the gain will
require further experiments. It should be noted that in
general the focused pump-laser beam is not well charac-
terized and that related unquantified effects (such as spa-
tial variations of the pump-laser intensity) that affect the
measured gains may be present.

We have also investigated the behavior of the gain in
these targets from the theoretical viewpoint using one-
dirnensional LASNEX, XRASER, and SPECTRE simula-
tions of these plasmas. The focus of these simulations is
not to reproduce experimental measurements precisely,
but to search for differential high and/or low intensity
effects (such as refraction and/or changes in plasma con-
ditions affecting the gain. The computational model used
in these calculations is summarized as follows: Detailed
excited-state structure is included for Ne- and F-like Sr,
while excited levels of other ionization stages are treated
hydrogenically. Dielectronic recombination from the F-
like Sr ground state to excited levels of Ne-like Sr is in-
cluded; for dielectronic recombination to other ion
stages, only a single ground-state to ground-state rate is
used. As with Se, it is found that inclusion of dielect-
ronic recombination effects in calculating the J =2 to 1

gains is important, as it enhances the computed J =2 to 1

gains by a factor of 2. Radiative transfer effects are also
included in these simulations; effects of bulk Doppler
shifts as discussed above are included in the local Sobolev
approximation. Inclusion of trapping effects lowers the
computed gain coefficients by about 30&o for both the
low- and high-irradiance cases; it is thus an important in-
gredient in the analysis.

Simulations carried out under the nominal conditions
used in the experiment showed the plasma to be strongly
overionized and the gain increasing at lower irradiance,
in contrast to observation. Hence, a modification to the
radiative loss factor in the simulations (resulting in lower
plasma temperatures) applied to all cases considered was
used to bring the calculated gains into qualitative agree-
ment with measurements. (While this is an ad hoc
method, the conclusions of the simulations regarding the
relative importance of refraction and changes in plasma
kinetics are basically independent of the modifying factor
and corresponding span of plasma conditions. ) Table III
shows results from a sample calculation. Note that the
calculated value of the expected gain for the 159.8-A
J =0 to 1 line is less than that for the J =2 to 1 transi-
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TABLE III. Comparison of observations to simulations

Case I (10' W/cm ) 133 A
Gain (cm ')

159 A 164 A 166 A Peak T, (keV) F(%) Ne (%)

Calculation'

Datab

1.4
0.7

1.3
0.7

1.6
1.1

4. 1

3.2
7.0
5.0

4.4
2. 1

6.0
4.2

4.0
1.1

1.2
0.9

40
20

35
44

'Quoted gain values are to be compared to McPigs measurements, i.e. , they are time integrated and include effects of refraction.
'Gain values shown are identical to those in Table I and are derived from McPigs measurements.

tions. This does not represent changes in atomic data
since earlier published results show calculated J =0 to 1

gains to be greater than for the J =2 to 1 lines. Rather,
the relatively smaller J =0 to 1 gains quoted here are due
to refraction, ' ' which discriminates more strongly in
Sr than in Se against early-time high-gain J =0 to 1 emis-
sion arising from high-density, short-gradient scale-
length regions. Finally, the calculated reduction in gain
at low-irradiance is less than that observed; this may be
due to errors in the kinetics model or other unknown fac-
tors.

A close study of this and other simulations run at both
higher and lower intensities shows that the drop in the
calculated gain at lower irradiance is due to the differing
temperature and ionization conditions produced, and not
from increased refraction arising from steeper density
gradients. There is thus no evidence for a differential
high-low irradiance refraction effect. Rather, in the
simulations refraction is found to aff'ect the high- and
low-intensity cases similarly in two ways. First, it
effectively reduces the net amplification at very early
times when the gain is large and there are large density
gradients present. Secondly, it results in an effective
reduction of the local observed gain by 1.5 cm ' at the
time of peak measured gain. Neither of these two effects
is a significant function of irradiance, and both are well-
known effects that have been discussed previously for
Ne-like Se. Finally, simulations also indicate that the
importance of bulk Doppler shifts implies that increased
trapping arising due to the larger plasma size is not re-
sponsible for the reduced gains at low intensity. (Two-
dimensional effects may modify this latter conclusion
somewhat, however. ) In summary, simulations indicate
that the main effect of lowering the irradiance is to
reduce the gain through changes in the plasma tempera-
ture and ionization balance.

Such changes in plasma conditions would be expected
to be re(lected in the calculated 3~2 spectra. Figure 9(c)
shows the simulated 3~2 spectra for the high-intensity
case given in Table III; note the good overall agreement
with experiment. The data shown in Fig. 9(c) is thus con-
sistent with the calculated ionization balance quoted in
Table III. Simple estimates of the relative ion abun-
dances based only on the data in Fig. 9(c) are also in
reasonable agreement with the values quoted in Table III.
It should be noted, however, that detailed absolute mea-
surements of the ionization balance and plasma condi-
tions from the data shown in Fig. 9(c) are model depen-
dent; they thus carry some uncertainty due to the limited

available spectral resolution (in particular, the lack of
resolution of detailed Na-like satellite structure), as well
as both the spatially integrated nature of the data and
possible errors in a detailed atomic model. Such tech-
niques have been discussed in detail elsewhere ' ' ' and
are beyond the scope of this paper. X-ray spectra such as
those shown in Fig. 9(c) are thus best used as rough glo-
bal monitors of plasma conditions and indicators of
differential effects.

Calculations indicate that the major effect on the 3~2
time-resolved spectra of varying the irradiance is to lower
the intensity of the F-like 2p-3d and 2s-3p features by a
factor of 2 —5 relative to the Ne-like lines. (The variation
in this factor is due to variations in the ad hoc assump-
tion discussed earlier. ) This occurs due to the predicted
reduced F-like Sr population at low irradiance. While
the measurements presented in Fig. 9 do not show this
effect, given the limited data set and uncertainty in mea-
surements of such line ratios it is not unreasonable to
postulate that a change of this order may not be seen in
an actual experiment. Hence, while the available data
suggest refraction effects are responsible for the reduced
gain at lower irradiance, it does not rule out ionization
balance and/or temperature changes as possible causes.
Further experiments to verify and characterize the re-
duced gain at laser intensity are necessary before any firm
conclusions can be drawn.

It can also be seen from Fig. 9(c) that the feature at
5.53 A in the simulated spectrum is significantly weaker
than the other F-like 2s-3p lines, which is not in accord
with experiment. This due to the lack of 0-like 2p-3d
transitions in the model, and the simulated spectra thus
provide additional evidence to support the identification
of this feature in Fig. 7 as O-like, as discussed in Sec. III.

Similar results regarding the relative effects of refrac-
tion and changes in the ionization balance were obtained
independently using the CHIVAS, LASIX, and OPTIQX (Ref.
62) suite of simulation codes. These calculations resulted
in values close to those calculated by LASNEX and
XRASER for peak gains. Analysis of refraction effects also
yielded conclusions similar to those presented above.

Finally, a few two-dimensional calculations were also
carried out. These simulations showed a reduced peak
electron temperature for the high-intensity case due to
two-dimensional conduction and expansion cooling
effects. This resulted in only small differences between
the peak electron temperatures and 3~2 spectra for the
two irradiances as compared to the larger differences in
the one-dimensional study. As a result of the similar
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plasma conditions, the two-dimensional calculations also
showed the gains to be very similar for the two intensities
considered. As in the one-dimensional results, refraction
was not found to affect the measured gains significantly.
Hence, neither the one- nor the two-dimensional calcula-
tion showed a simultaneous reduction in gain and sub-
stantially unchanged 3~2 spectra as a function of irradi-
ance.

Another point of interest to examine is the relative
values of the constants e shown in Table I. The measured
value of e for a given line is proportional to the upper-
state population X„,transition probability 3„(,source
size, and emission time. As discussed earlier, the mea-
sured emission time is essentially identical for both J =2
to 1 lines and both irradiance cases. The values of e
shown in Table I are corrected for the factor-of-2
difference in source size between the high- and low-
intensity cases arising from the different line-focus widths
used. Hence, to first approximation the quoted values of
e are proportional to the product N„A„(for each line.
Defining y as the ratio of the constants e for the 166.5-
and 164.1-A lines, it can be seen from Table I that y is
1.4 and 1.7 for the high- and low-irradiance cases, respec-
tively. The expected value of y at the time of peak mea-
sured gain based on kinetics code calculations including
all relevant levels in Ne-like Sr is 1.4 for both the high-
and low-irradiance case.

Now, from the formula for small signal gain,

a (cm ')=

it is apparent that if the lower-state population is negligi-
ble, then the gain on each transition is proportional to N„
A„l. [In Eq. (2), P„is the line profile function. ] Thus,
should the lower-state populations be negligible, one
would expect the gains of the 166.5- and 164.1-A lines to
be in the ratio y. For the high-intensity case, the fact
that the observed gains of the two J =2 to 1 lines are in-
stead nearly equal [as also has been observed for Se (Refs.
6, 7, and 14) and Mo (Refs. 8 and 14)] thus suggests that
the lower-state populations are critical in determining the
gain. (At low intensity, the gains for the two J =2 to 1

lines are different, but in the opposite sense to that indi-
cated by the measured values of e. However, given the
larger error bars, smaller gain values, and possible pres-
ence of refraction, it is not clear what importance to at-
tach to this result. ) This conclusion is consistent with ki-
netics models, which indicate both a value of 1.4 for y
and nearly identical J =2 to 1 gains. In summary, mea-
surements suggest and calculations indicate that the
lower-state population plays an important role in deter-
mining the gain on the J =2 to 1 transitions.

An additional important feature of these experiments
was the lack of observation of the 133.0-A (2p3/23p3/i )o-

(2p3/23st/2), Ne-like Sr transition. The lack of observa-
tion of this line in Sr, its relatively low calculated gain,
and the measurement of a gain of 2.2 cm ' on the analo-

0

gous transition at 106.4 A in Mo indicate that there is a
significant Z scaling effect on the gain of this line. This is

in accord with theoretical expectations based on the Z
scaling of the electron monopole collisional excitation
rate. " [Of course, the small gains on the (2p, /, 3p, /2)p-

(2p, /z3S, /~)& transitions measured in Se (Refs. 6, 7, and
14) and Mo (Refs. 8 and 14) are not consistent with
theory. ] To recap the status of the other J =0 to 1 lines,
as discussed in Sec. III, neither the 159.80- or 84.9-A
transitions were observed; identification of the former
was hampered by an overlap with a Na-like Sr transition
at 159.77 A. We plan to investigate further the Z scaling
of J =0 to 1 lines in future experiments.

V. CONCLUSIONS

In this paper we have presented measurements of gain
on several soft-x-ray transitions in Ne-like Sr. Gains of
4.4 and 4.0 cm ' were measured for the 164.1-A and
166.5-A J =2 to 1 transitions at pump-laser intensities of
1.3 X 10' W/'cm . Several shots carried out at a lower ir-
radiance of 7X 10' W/cm were consistent with reduced
gains of 2. 1 and 1.1 cm ' for the 164.1- and 166.5-A
lines. The 175.1- and 224.9-A transitions were observed,
but line intensities were too weak to provide a definitive
measurement of gain for either. Evidence for observation

0
of the J=O to 1 line at 159.80 A was seen in time-
resolved data, but definitive identification of the line was
not possible due to a wavelength overlap with a nearby
Na-like Sr transition at 159.77 A. Simple estimates indi-
cate that any gain on the 159 80 A line may be
suppressed due to absorption by this Na-like Sr transi-
tion. Neither the 84.9-A or the 133.0-A J =0 to 1 transi-
tion was observed. Based on this data and previous work
in Se and Mo, we conclude that there is a Z-scaling effect
present for the gain on the (2p3/$3p3/p)o-(2p3/~3s&/~)&
line.

Time-integrated and time-resolved x-ray spectra indi-
cated that plasmas of similar degrees of ionization were
being produced in the high- and low-intensity experi-
ments. The available data suggest that refraction may be
responsible for the lower gain measured at lower irradi-
ance. While confirming the importance of refraction in
general, detailed LASNEX-XRASER-SPECTRE simulations
imply that the reduced level of ionization and lower tem-
perature are responsible for the decrease in gain for the
lower irradiance case. Only limited data are available at
low irradiance, but then suggest that the expected change
in the low-intensity 3~2 x-ray spectra corresponding to
these changes in plasma conditions was not observed.
Further experiments and modeling are required in order
to verify and understand fully the variation of gain with
intensity.

In summary, these experiments have contributed a
number of interesting observations to our knowledge base
regarding Ne-like systems. These measurements should
aid in efforts to understand the physics of gain produc-
tion in Ne-like ions.
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