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ABSTRACT 

We discuss our recent measurements of the spectral width of the 206.38A x-ray 
laser transition in Ne-like Se. These measurements used a high-resolution grating 
spectrometer and were performed over a wide range of laser amplifier lengths. The data 
have enabled us to extrapolate the intrinsic line width and to observe the effects of gain-
narrowing and saturation on the line profile. We find an intrinsic width which is 1.4 times 
the Doppler width, we observe gain-narrowing in intermediate length amplifiers, and we 
observe no re-broadening in long, saturated amplifiers. These results suggest that 
collisional line-broadening has a significant effect on the line profile and saturation behavior 
of this laser. We discuss modeling we have performed in order to simulate the 
experimental data, and we discuss future experimental and theoretical efforts we believe are 
necessary in order to understand line broadening and line transfer issues in x-ray laser 
plasmas. 

[.INTRODUCTION 

The field of x-ray laser research has been characterized by rapid progress since the 
first successful proof of principle demonstrations.1 - 3 Collisional excitation A.S.E. 
(amplified spontaneous emission) x-ray lasers, which rely on collisional excitation of 
highly stripped ions in high temperature laser-produced plasma to produce population 
inversions in outer-shell An=0 transitions, have generated mud; interest due to their 
brightness and wavelength versatility.4 Neon-like collisional excitation lasers, which are 
isoelectronic to Ne I and lase on 3p-3s transitions, have been produced worldwide in many 
elements with wavelengths as short as 80A.5"7 The analogous Ni-like collisional excitation 
lasers, lasing on 4d-4p transitions, have also been produced in a number of elements with 
wavelengths as short as 36A.8 Preliminary holography experiments have been performed9 

with Ne-like Se, and =500A-resoIution light-field microscopy with Ni-like Ta'° has been 
demonstrated" and applied 1 2 to the imaging of goldo-labeled and unlabeled biological 
specimens. The spatial coherence of the 206.38A laser in Ne-like Se has been 
characterized 1 3, and experiments which multi-pass the laser emission through the gain 
region have been performed 1 4- 1 5 with Ne-like Se and Ne-like Ge using normal incidence 
multi-layer mirrors.1 6 A recent review of the field can be found in reference 17. 

However, in snite of this rapid progress, a number of basic physics issues in x-ray 
lasers remain poorly understood. The lack of substantial amplification of the 182.43A 
(2g.ii2%P\f2)i=Q - (2TJ 1 / 2 3 S I /2)J=I ' m e m Ne-like lasers (the "J--0-1 anomaly") has never 
been conclusively explained, though calculations predict it to have large gain.1-2-18 Lasing 
in F-like analogs to Ne-like lasers, while predicted,1 9 has never been observed, in contrast 
to the observation of lasing in Co-like analogs to Ni-like lasers. 2 0 The effects of driver 
beam non-uniformities and plasma turbulence remain difficult to calculate and potentially 
important,21 and in particular, the laser line widths have previously never been measured, 
in spite of their fundamental importance to gain and radiative transport calculations, due to 



the difficulty in obtaining soft x-ray spectra with sufficient resolution. Ne-like Se x-ray 
laser line widths have generally been assumed1 to be dominated by Doppler broadening, 
based on a predicted1-2 ion temperature of 400eV. 

The intrinsic (un-amplified) spectral profile of a plasma line is determined 
predominantly by spontaneous emission rates, electron collisional rates, Stark broadening 
and Doppler broadening,22 with possible complications due to ion turbulence2 2-2 3 and ion-
ion interactions.2 3-2 4 The observed profile is also modified by radiative transport effects. 
Amplified lines narrow as the square root of the gain-length product in the small signal 
regime. 2 5 As the laser saturates, the line can re-broaden to its intrinsic width if the intrinsic 
profile is dominated by inhomogeneous (i.e., caused by inhomogeneities such as Doppler 
shifts or turbulence), rather than homogeneous (i.e., Fourier transform limited by 
collisions, etc.) effects. 2 6 ' 2 8 There have been few reported experiments which have 
measured the amplifier length dependence of A.S.E. (mirror-less) laser line widths through 
saturation, and these have generally used the high gain 3.51|im Xenon laser 
transition. 2 7- 2 9- 3 0 Previous attempts to measure the spectral widths of x-ray laser lines3 1" 
3 3 have been inconclusive; in each case, instrument resolutions were insufficient to 
accurately measure the line widths, and no variations with amplifier gain-length product 
were seen. 

In this paper we discuss our recent successful measurements 3 4 of the 206.38A 
(2E3/23P3/2)J=2 " (2p.3/23si/2)j._i Ne-like Se x-ray laser line profile. The work is the first of 
its kind in the soft x-ray region of the spectrum, and answers two of the numerous 
outstanding questions in x-ray laser research, namely how wide the intrinsic line profile is 
and how the line profile is modified by amplification. While the results strictly apply to a 
single laser transition (206.38A) in a single x-ray laser material (Se), we expect that further 
experimental and theoretical research will enable the information obtained here to be applied 
to other x-ray laser transitions. 

2. COLLISIONAL EXCITATION X-RAY LASERS 

The first successful demonstration of a collisional excitation soft x-ray laser was 
reported1 in 1985. That work was based on the exploitation of a target design2 that used 
the two beams of the Novette laser at LLNL to heat and explode a thin foil of selenium-
coated Formvar (CnHjgOs). The resulting plasma contained neon-like selenium ions in 
which population inversion was achieved between the 3p and 3s levels, leading to the 
observation of amplification of 206.38A and 209.78A line emission. The cylindrical 
plasma, up to 1.2cm in length and a few hundred microns in diameter, provided a medium 
in which spontaneous emission at these wavelengths could be amplified through the 
process of stimulated emission. The work reported gains of 5.5 ± 1cm"' for the two lines. 

Figure 1 is a simplified level diagram for Ne-like selenium showing the five 
transitions that are observed to have significant gain. Electrons are excited to the upper 
laser levels through collisional excitation from the Ne-like ground state and a combination 
of three body, radiative and dielectronic recombination from the F-like ion. 3 5 - 3 6 In 
addition, cascades from higher energy Ne-like states (e.g. the 3d levels) play some part in 
populating the 3p levels, as does inner shell ionization from the Na-like ion state. 3 7- 3 8 The 
population inversions are maintained by rapid radiative decay of the 3s levels to the 2p 6 

ground state; the 3p-2p radiative transition is dipole forbidden and hence the 3p level is 
metastable. A completely satisfactory model for the population mechanisms has not yet 
been developed. In particular, the absence of large gain on the J = 0 - 1 transition at 
182.43A contrasts with calculations that show that the upper level of this transition is 
strongly favored by direct collisional population from the ground state 3 9" 4 4 and hence 
should have the highest gain. 



2p° J=0 
Figure 1: Simplified level diagram for Nc-like 
Se, showing the five transitions which arc 
observed to have significant gain. 

The canonical selenium x-ray 
laser uses two simultaneous pulses of 
0.53p.m (green) light, line focused onto a 
thin foil target with a total (combined) 
irradiance of 7 x 10 1 3 W enr 2 (Figure 2). 
Two beams are used to increase available 
irradiance and to produce a more uniform 
plasma. The laser beams are incident 
from opposing directions and 
superimposed on the foil. Each beam has 
a Gaussian pulse duration of 600ps 
FWHM (Full Width at Half Maximum 
Power). The irradiation of the foil heats 
and ionizes the foil material, producing a 
rapidly expanding cylindrical plasma with 
a peak electron density of 3 - 5 x 10 2 0 

c m 3 at the time of the peak of the optical laser pulse, t = to.The electron temperature is 
estimated1-2 to be 900eV at t = to, with a distribution of ion charge states clustered around 
the Ne-like ionization stage. Ion temperatures in the gain region are predicted 1 ' 2 to be 
400eV, again at t = to. 

An exploding foil target is used in order to mitigate the effects of refraction on x-ray 
laser beam propagation.2 The x-ray laser is refracted by electron density gradients in the 
explosion direction, perpendicular to the foil plane. Exploding foil amplifiers are used to 
produce large scale-length plasmas, with density scale-lengths of over lOOjim;1-2 X-ray 
laser propagation is less affected by refraction in these plasmas than in plasmas created by 
irradiation of a solid target. A more complete description of the effects of refraction on x-
ray laser beam propagation can be found in references 45 and 46. 

A characteristic feature of the output of an x-ray laser plasma is the extreme 
anisotropy of the line emission; the laser lines are typically weak or invisible away from the 
line focus axis (Figure 2). The Se laser emerges from either end of the amplifier with a 
horizontal divergence of 10 to 15 mrad (perpendicular to the foil plane) and a vertical 
divergence of -20 mrad 4 7 ' 4 8 (in the foil plane). The beam typically peaks slightly to the 
Se-coated side of the foil axis; experiments with symmetric targets coated with Lexan 
(Q5H14O3) on both sides of the Se have produced symmetric x-ray laser beam patterns. 

Aluminum 
Support 

Nova Ileum 6 

Nova Beam 7 

Figure 2: Diagram of exploding-foil x-ray laser geometry. The two beams of Nova are line-focused onto 
the lasanl foil, which is supported by an aluminum structure. The resulting expanding cylindrical laser 
plasma provides preferential amplification along the line-focus axis, producing narrow-divergence A.S.E. 
laser output from each end of the foil. 

The far-field beam pattern typically shows a region of lower intensity along the axis, due to 
density gradients in the plasma which refract x-rays away from the foil. This hole is 
particularly pronounced when the irradiation of the foil is not uniform and the ends of the 
plasma are colder than the rest of the amplifier. The colder ends then explode more slowly 



so that steep density gradients at the ends of the foil split the beam. Time-resolved 
measurements show the hole to be particularly pronounced early in time, filling in later in 
time when lower overall density gradients allow better propagation of the x-ray laser. 4 7- 4 8 

Another characteristic feature of exploding foil x-ray lasers is their short time 
duration. The typical time duration of ~200ps is much shorter than that of other lines such 
as the nearby Na-Iike 201.01A 3p3/2 - 3s transition, which has an emission duration of 
Ins. This observation is consistent with the 206.38A laser emission originating from a 
plasma with a time varying gain. The exponential nature of the amplification process 
coupled with a gain that is peaked in time produces a short pulse of amplified spontaneous 
emission. The time history of the laser relative to the input Nova pulse is consistent with 
collisional pumping 4 5 rather than three-body recombination in the cooling plasma after the 
pump laser has turned off, as had been suggested.50 The output time history is determined 
by the time necessary to heat and ionize the plasma while setting up smooth density 
gradients; the fall time is driven by the decay of the density as the plasma expands. Hence 
the x-ray laser medium is very transient. Recent experiments6 with Ne-like Ge x-ray lasers 
have shown that the time duration of the x-ray laser emission can be made to last 2ns or 
longer by using a long pulse pump laser and a solid target in place of an exploding foil. 
Laser durations as long as 5ns have also been seen with Ne-like Y lasers.5 1 

3. SE LINE WIDTH EXPERIMENTS 

In the present work, 3 4 eight 
experiments using 30-35 ug/cm 2 Se-
coated Lexan exploding foils with lengths 
between 0.42 and 6.3 cm were 
performed. Each foil was irradiated by 
two superimposed line foci, with 120ptm 
widths and variable lengths, from 
LLNL's Nova laser. The total irradiance 
on each target was 6.0 - 8.0 x 1 0 1 3 

VV/cm2 in a 600ps Gaussian pulse. The 
resulting x-ray laser beam was observed 
along the line-focus axis by a high 
resolution, grazing incidence, varied line-
space grating spectrometer 5 2- 3 2 and the 
spectra were time-resolved by a Kentech 
low-magnification x-ray streak camera 

Mir™ coupled to an ITT image intensifier 
Figure 3: Ray geometry of the high-resolution (Figure 3). The temporal resolution of 
spectrometer used in the experiments. I n e camera, determined by the cathode slit 

width and sweep speed, was 40ps for 
most of the experiments. Thin (0.2-2.8 um), free-standing aluminum filters were inserted 
into the beam path on most of the experiments to avoid saturating the streak camera; the 
filters were individually calibrated in the 200A spectral region at N.I.S.T. (National 
Institute of Standards and Technology, U.S.A). The measurements were angularly 
integrated over the acceptance angles of the spectrometer, which are + 0.25mrad vertical 
and ± 6mrad horizontal. The measurements were also spatially integrated over the entrance 
window of the spectrometer (30p;m vertical, 300um horizontal). The spectrometer was 
aligned to the line-focus axis to an estimated reproducibility of ± 20jlm vertical and± 50|im 
horizontal. 

The resolution of the spectrometer was measured''3 at the settings used in the 
experiments with quasi-monochromatic line emission from a Penning plasma source. 5 4 

The line-spread function of the streak camera was measured separately by shining broad
band x-rays through a narrow (35 u.m) slit placed just in front of the cathode. Separate 
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Figure 4: Spccoai profifc (points) from a 6 Jem 
target fit to a Voigt function (solid line). Data 
points represent individual pixels in the digitized 
image, averaged over a 75ps time window near 
lh<; temporal peak of the line, [adapted from 
reference 341 

measurements were necessary because the Penning source emission was too weak to be 
observed with the streak camera. Convolution of the measured spectrometer resolution 
function with the measured streak camera line spread function, using the calculated 
dispersion, gave total instrument resolving powers (XIA\) of = 17,000 for most of the 
experiments and = 14,000 for the shortest two targets, where low signal levels necessitated 
a wider entrance slit and aperture stop at the cost of decreased spectral resolution. 

The x-ray laser data was collected 
on TMX-3200 high-speed visible-light 
film and digitized on a PDS rnicro-
densitometer for analysis. After applying 
a calibrated film density/intensity 
correction, each raw data profile (Figure 
4) was fit to a variety of functional forms 
including Gaussian, Voigt and double-
Gaussian (the sum of two Gaussians with 
different widths and amplitudes). The 
corresponding spectrometer and streak 
camera resolution profiles, fit to the same 
functional forms, were then de-convolved 
analytically from each raw data profile; 
the resulting full-widths at half-maximum 
intensity of the spectral profiles are 
plotted against target length in Figure 5 
along with the raw data. The spread in 
spectral line width values obtained using 

the different fitting functions provides an estimate of the uncertainty involved in the de-
convolution procedure (error bars in Figure 5). The raw data profiles were measured near 
the temporal peak of the = 200ps duration line emission. No significant rime dependence to 
the line widths was seen or expected due to the weak dependence of the line width on 

intensity over the dynamic range (*= 50 -
100) of the streak camera, which was 
used primarily to improve signal-to-noise 
in the short-target data. The dynamic 
range limitations of the detector also limit 
the information we can obtain about the 
wings of the spectral profiles, even for 
negligible instrument broadening. This 
implies that we cannot distinguish 
between fine profiles with very similar 
shapes near line center but different 
shapes farther out in the wings of the line, 
such differences must be inferred from 
the line profile-dependent effects of 
opacity (i.e., gain) on the line FWHM. 

Extrapolation of the reduced data 
to L=0 gives an intrinsic line width of 
50mA, 1.4 times wider than the 400eV 
Doppler width of 35mA; the uncenaint" 
in this extrapolation is estimated to be less 
than ± 10mA. The shorter targets exhibit 

60 
50 

• | 4 0 
~ 3 0 
I 20 
li

f e I 

I l l 
& Raw Data 
• Reduced Data 

{ f ~*""f i I ' 
1 2 3 4 5 6 

Target length (cm) 
Figure 5: Measured and reduced line widths as a 
function of target length. The error bars for 
shortest target are due to background level 
uncertainties; for the others, they represent the 
spread in reduced widths obtained using different 
fitting functions. Also shown is the expected 
target length scaling (cq. (16)) for 
inhomogencous saturation (dashed curve) and 
homogeneous saturation (solid curve) with a 
50mA intrinsic width, [adapted from reference 34 J spectral narrowing roughly consistent 
with the expected (gL)" 1 / 2 dependence for a gain of = 6 c m 1 , derived from peak (intime 
and wavelength) intensity scaling data (Figure 6). The measured gain is somewhat higher 
than the 4.5 - 5.5 cm - 1 gain found in previous spectrally, temporally and spatially 



integrated measurements.1'55 We noie that spatial integration of the gain distribution, which 
can affect the measured intensities and line widths if there is .significant emission from a 
large, low-gain region surrounding the central 100-200 u.m peak, 5 6 is essentially negligible 
in the present work due to the small region of the plasma being imaged by the spectrometer. 
This may partially account for the higher measured gain. 

The longer targets (up to 6.3 cm 
in length) showed no significant 
saturation re-broadening; saturation 
appears homogeneous over the amplifier 
gain-length range we can access 
experimentally. Evidence for the fact that 
the laser is actually saturating, i.e. that the 
stimulated emission rate is affecting the 
level populations, can be seen in previous 
Se da ta , 5 5 which observed that the 
intensity of the 182.43A laser line 
continued to exponentiate from targets as 
long as 6.3 cm while the 206.38A laser 
(ine did not. The 2G6.38A laser fias = 
twice the gain of the 182.43A laser and 
will saturate well before the 182.43A 
laser; since refraction is only weakly 
dependent on wavelength, this 
observation implies that refraction of the 
beam out of the gain region is not the 
cause of the roll-off in 206.38A line 

intensity from long targets (Figure 6). Similar saturation of the bright J=2-l lasers has also 
been observed in Ne-like Ge. 1 5 The data 5 5 also implies that transit time effects in long 
amplifiers, due to the finite speed of light and the finite duration of gain in the amplifier, are 
not responsible for the roll-off either, the conclusion is that the 206.38A laser is saturated in 
long targets. As expected, no line-splitting stimulated emission effects, predicted 5 7- 5 8 for 
very long seeded amplifiers but not for A.S.E. sources, were observed. 

3. LINE PROFILE AND LINE TRANSFER MODELING 

A reasonable model for A.S.E. x-ray laser line transfer is that of Casperson and 
Y a r i v . 2 6 2 8 In this incoherent model, steady-state, velocity-dependent rate equations are 
used to describe the intensity-dependent level populations; these populations serve to 
generate and amplify spontaneous emission along a one-dimensional axis. The model 
essentially transfers a Voigt-profite la^er line through saturation. A Voigt-profile 
approximation to the intrinsic line profile may be expected to be reasonable because: 1) 
additional inhomogeneous broadening due to ion turbulence 2 1" 2 3 can be assumed to simply 
increase the effective Doppler width, under the assumption that the turbulent velocity 
distribution function is at least approximately Gaussian; 2) quasi-static ion Stark 
broadening has been calculated to be negligible.59 The steady-state rate equations for a 
three-level laser can be written60 

dN (v z) 
«< A . ^ . . - , o = r 1 2 /v7(vWv-(r 1 2 + r 2 1 + r 2 3 + / j 2 1 + B23y(v,z))A/2(v,z)dv + 

1 2 3 4 S 6 
Target length (cm) 

F'gttrcd: fbafc incensities as a function of target 
length <points), corrected for measured filter 
transmissions and instrument slit settings. The 
solid curve is obtained by fitting die daia to ;q. 
(16) with either inhomogeneous or homogeneous 
broadening. Saturation intensity is reached at 
approximately 15 gain-lengths, [adapted from 
refeience 34] 

dl 
-dv-

dfV,(v,z) 
dl 

( r 3 2 - r 1 2 + A22 + flJ2y(v,z))/v3(v,z)dv 
dv = o = r, 3/v/(vwv + ( r 2 3 - r l 3 + fi237(v.z))/v2(v,zMv -

( r !3 + r 3 1 + f 32 + ^32 + B ! 2y(V,z))W 3(V,z))rfV 

(1) 

(2) 



with 

7(v,z) = jV(v\z)</Hi',v)dV (3) 
0 

where Nj(v,z)dv and N3(v,z)dv are the number of atoms in states 2 (lower laser level) and 
3 (upper laser level), respectively, with axial velocities between v and v + dv at axial 
position z, f(v) is the one-dimensional velocity distribution function (assumed to be 
Gaussian), the r's and A's are collisional excitation/de-excitation rates and spontaneous 
emission rates, respectively, and the B's are Einstein stimulated absorption/emission 
coefficients, defined through 

n 3 

Bn=TTA^B* = —B" ( 4 ) 

%izhc g2 

l+(v,z) is the forward-direction laser spectral intensity in W c m 2 Hz ' and 0"(v,v) is the 
homogeneous line profile determined by spontaneous emission and collision rates; the 
homogeneous profile is velocity-dependent through the Doppler shifted line center, and is 
assumed to be Loremzian 

0*(V,v) = 5 5- (5) 
n&v„ 1 + 4 ( v - v0 ± v 0v / c f I(Av„ f 

The total number of atoms N=Ni+N2+N3 is assumed constant. Velocity-changing ion-ion 
collisions are neglected in eqs. (1) and (2), as is the velocity dependence of the collision 
rates. The model therefore neglects correlation effects such as Dicke narrowing,24.* ' * 
and cross-relaxation effects 6 0- 6 5" 6 7 which serve to re-distribute population through a range 
of ion velocities, so that Doppler broadening is assumed to be completely inhomogeneous. 
The solutions to eqs. (1) and (2) have the form 

W j { ¥ , z ) _ & t f l ( v # l ) = ^ff iYL 
g2 l + sJ(v,z) 

) = M < v l M ( 7 ) 

l+sJ(v,z) 

where a.p.Y and s are combinations of the above rates. These solutions can then be 
combined with the time-independent, forward-direction line transfer equation60 

?)) + 

ItVoVAa jdv/(v)0-(v,v)/v"j(v.z) (8) 

where r| is a geometrical factor. Then, 

dz J l + sJ(v,z) 
• + 

h^lAnPTNJ /(v)»-(v,vV(v.z) 
l + sJ(v,z) 

Using the spontaneous emission and electron collisional rates from reference 2, it is found 
that (XB32 » PYA32, since A21 » A32, so that eq. (9) can be simplified to 



dl*iv,z) / li * f , / ( v ) 0 (v,v) 
dz V(v0) j J l + .v7(v,z) 

where V(VQ) is the value of the Voigt line-profile function at line center 

V(v0)= \dvf(.v)<p-(va,v) (11) 

and 
j = hvaNlir]A,2V{v(>) (12) 

c2 

8 = hv0NaBnV(v0) = —-jA,2NaV(.v0) (13) 
8KV0 

In eqs. (12) and (13), j is identified as the peak ('.ine center) spontaneous emissivity in W 
c m 3 H z 1 , g is identified as the peak gain in c m 1 , and 1/s is identified as the peak 
Saturation intensity in W cnr 2 Hz - 1. A similar derivation for the backward-direction beam 
can be made; using line symmetry to change the integral limits, 

± j ^ v l £ ) s ^ £ / ?dv/(v)(^(,,v) + 0 ( . . v ) ) 
dz \ ' (v 0 ) j J l + .?7(v,2) 

7(v,z)= f(/*(i/,z) + /-(V,z))(0*( i/, v) + 0-(v/,v))dV (15) 

The integro-differential equations (10) and (14) are not analytically solvable, and numerical 
solutions are quite difficult. A significant simplification can be made if either the 
homogeneous Lorentzian component 0(v) or the inhomogeneous Gaussian component f(v) 
can be neglected as being very narrow. In either the inhomogeneous or homogeneous 
limits, eq. (10) can be simplified as 

dz j 1 + sK 
where, in the completely inhomogeneous limit, 

S(v) = XQf{ciV~Vo)\K = r(v,z) (17) 
v 'o 

and in the completely homogeneous limit, 

S{v) = <p-{v,v=--0),K= JV( i ' , z )0- (v / ,v = O)dv/ (18) 
o 

V ( v o ) in eqs. (12) and (13) is here replaced by S(vo). In the homogeneous (e.g. 
collisional) limit, K in eq. (16) is the spectral intensity averaged over the intrinsic line 
profile function, and eq. (16) must be solved numerically, although the difficulty is not 
nearly as great as with eqs. (10) and (14). In the inhomogeneous (e.g. Doppler) limit, K is 
simply the spectral intensity, and eq. (16) can be solved analytically; the solution is 

( 1 + ^ r ( v , z ) ) e x p ( f ( M ) = e x p ( ^ ( v - *)/ v.)//(0) 
The bi-directional solution, from eq. (14) instead of eq. (10), is identical except that s is 
replaced by 2s in eq. (19). 

The peak intensity data in Figure 6 can be used in a least-squares fitting routine to 
eq. (19), treating g, j and s as independently adjustable parameters. The solution for the 
homogeneous case can then be found numerically from eq. (16) using the optimized values 



of g and j , with s being varied until the two peak-intensity vs. target-length curves are 
essentially indistinguishable (solid curve in Figure 6; note that the ordinate units are 
arbitrary). The intensity FWHM vs. target length curves for the inhomogeneous and 
homogeneous limits can then be calculated using Gaussian and Lorentzian intrinsic line 
profiles, respectively, with the intrinsic FWHM being varied to optimize the fit to the 
reduced data in Figure 5. It can be seen from Figure 5 that the data are consistent in this 
model with an intrinsic line profile which is dominated by homogeneous broadening 
mechanisms. Essentially identical results were found when both right- and left-
propagating beams were included, albeit with slightly different values of the optimized 
saturation intensity. We note that the apparent slight discrepancy in Figure 5 between the 
calculated homogeneous curve and the reduced data points from short targets may be partly 
due to bulk Doppler shifts driven by axial pressure gradients near the edges of the plasma. 
These shifts would slightly reduce the effective amplifier length, giving a slightly broader 
line profile. We estimate that this effect would be less than 5 - 10% for the 0.5cm data 
point, becoming negligible for targets longer than 2cm long. 

We have also performed preliminary calculations for the uni-direclional, mixed 
homogeneous and inhomogeneous case (eq. (10)), using a 10mA Loremzian homogeneous 
component due to finite state lifetimes2 in addition to a 35mA Doppler width (total = 40mA 
Voigt FWHM); the results showed less dramatic but still significant re-broadentng. We 
note, however, that further calculations performed to date indicate a rapid decrease in 
inhomogeneous saturation re-broadening as the homogeneous Lorentzian component of the 
intrinsic line profile is increased. Additional relaxation rates besides those in reference 2 
are obviously present, and the calculated collisional excitation/de-excitation rates vary 
considerably in lime over the duration of gain in the plasma, with the homogeneous 
component to the intrinsic line width being larger earlier in time when the electron density is 
higher (the Doppler width does not change significantly on time scales of interest). A 
larger homogeneous component could increase the intrinsic FWHM and decrease the 
inhomogeneous saturation re-broadening below our measurement sensitivity. Such 
calculations are complicated, however, by the need to include time dependence (neglected 
in eq. (8) by dropping the time derivative on the left side), since the transit time through the 
longer targets is comparable to the gain duration (= 200 ps). A proper accounting in this 
model of the ;ime dependence of the collisional rates, ar-1 therefore of the intrinsic line 
profile, as well as of transit time effects due to the finite speeu of light still need to be made; 
this work is continuing, and will be reported in a future publication. 

4. DISCUSSION AND CONCLUSIONS 

The implications of this data are important for a clear understanding of fine 
broadening and line transfer issues in x-ray laser plasmas. Previous gain calculations for 
the 206.38A Se laser and, likely, other J=2-l Ne-like lasers which relied on a Doppler 
width estimate for the intrinsic line width should be divided by 1.4, as the small-signal gain 
is inversely proportional to the line width and any additional effects of the increased width 
on the level kinetics should be negligible. In addition, the lack of saturation re-broadening 
despite convincing evidence of gain saturation5 5 implies that a significant fraction of the 
broad intrinsic profile may be homogeneous in nature; the saturation behavior of the line 
profile is consistent with a homogeneously broadened intrinsic profile. That Doppler 
broadening for x-ray laser lines may be compromised by Dicke narrowing 2 4- 6 1 - 6 4 and at 
least partly replaced by homogeneous ion-ion collisional contributions has been suggested 
previously. 2 3 This scenario also lends some support to a proposed 2 3 ixplanation of the 
"J=0-1 anomaly" which relies on the prediction that the homogeneous replacement of 
Doppler broadening is not present in the J=0-1 laser. We note, however, that an additional 
experiment we performed with Se indicated a gajn-narrowed line width for the 182.43A 
J=0-1 laser which was consistent with the 206.38A line width measurements; both narrow 
to A/AX = 14,000 when amplified through = 10 gain-lengths. Investigation of the possible 
re-broadening of the 182.43A laser in longer targets is unfortunately not possible at Nova 



due to cnergv and line locus length limitations, additional high ic-solution measurements al 
LLNL of the 182.4.v\ laser hue profile liom slum urgcis arc planned for the near future 
and may help resolve this i>sue 

As noted in Sect. V it is possible that an\ inhomogcneous ic broadening in ihe 
200.3SA laser could be teduced below our mcaMiicmcnt sensitivity by homogeneous 
broadening contributions trom the temperature depciuicni. density dependent and therelore 
time-dependent collisional cxciiation/de-cxcilalion rates oui of the two laser levels. Ion-ion 
collisional r e d i s t r i b u t i o n , 6 0 * 0 "" neglected in the C.isperson and Y a m model of Sect. , \ 
would also lessen the expected tnhomogeneous saturation re broadening; this effect will 
"homogenize" the Doppler profile and saturation behavior to some extern because the 
radiating/absorbing ions sample several or many velocities over radiative lilclime lime 
scales. Dynamic ion-ion line broadening calculations, including Uicke ellects, as well as 
time-dependent line transfer calculations are needed in order to fully understand the data we 
have obtained. 

In conclusion, we have measured the magnitude and target length dependence of the 
spectral width of the dominant 20b.3S A laser transition in Ne-like Sc x-ray lasers. The 
intrinsic line width extrapolated from this data is 1.4 limes wider than the calculated 
Doppler width of 35mA. We observe gam-narrowing of the line profile to >JA\ ~ 20,000 
in intermediate length amplifiers, and we observe no significant re-broadening in long, 
saturated amplifiers. The saturation behavior is consistent with an intrinsic line profile 
which is dominated by homogeneous broadening mechanisms; this, together with the 
somewhat bread extrapolated intrinsic line width, suggest that a Doppier-broadening 
assumption for the Se x-ray laser is inadequate for both the intrinsic line width and for the 
saturation behavior of the laser profile. We have discussed modeling efforts we have 
performed for homogeneous, inhomogeneous and mixed laser line transfer, and have 
discussed several possible interpretations of the experimental data in light of this modeling. 
Further experiments, especially with the 1S2.43A laser line, and further calculational 
efforts in x-ray laser line broadening and line transfer are necessary in order to resolve the 
issues raised by the data. 
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