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Abstract. The first longitudinal coherence measurement of the transient inversion collisional x- 
ray laser is presented. The scheme underst udy is the picosecond output of the Ni-like Pd x-ray 
laser at 14.68 nm generated by the"C0MET l&erdfacility qt LLNL. Interference fringes were 
generated using a Michelson interferometer setup in which a thin multilayer membrane was used 
as a beam splitter. Longitudinal coherence measurements were made for this transition by 
changing the length of one interferometer arm and measuring the resultant variation in fringe 
visibility. The nature of this dependence also allows for an estimation of the linewidth of the 
lasing transition to be made. Analysis indicates a linewidth of -0.3 pm which is a factor of four 
less than previous measurements on quasi-steady state x-ray laser schemes. 

1. INTRODUCTION 

The rapid development of x-ray lasers in recent years combined with the availability 
of optics in the XUV has led to several applications, such as interferometry [l] and 
holography [2], which depend on the coherence properties of the source pulse. 
Accurate measurements of the longitudinal coherence are important for determining 
feasibility and design parameters of instrumentation for such experiments. The 
longitudinal coherence is quantitatively related to the spectral bandwidth, AA, of the 
source and is a measure of the temporal separation along a beam in which the different 
spectral components maintain a phase relationship. In amplitude division 
interferometry the phase front of one arm is spatially overlapped and co-propagated 
with the other arm at the output of the interferometer. If the ann lengths are equalized 
to an accuracy better than the coherence length, L,, of the source, interference fringes 
will be generated. The additional measurement of the spectral linewidth provides 
valuable insights into the gain dynamics within the lasing medium. 

Saturated lasing at XUV wavelengths is typically generated through single pass 



amplification along an extended laser-produced plasma column. Previous experimental 
measurements of L, have been made on the NOVA generated Ne-like Y x-ray laser at 
15.5 nm [3]. This lasing scheme was generated with a 350 ps pulse, which generated a 
quasi-steady state population inversion on the main lasing transition. The duration of 
the x-ray laser pulse was comparable to the pulse width of the optical driver with gain 
conditions ultimately extinguished through plasma expansion and radiative cooling. 
The longitudinal coherence of this lasing scheme was measured to be -100 pm, using 
a Mach-Zehnder type interferometer [3] of a long -ns prepulse with a short -ps main 
heating pulse. A large population inversion is created for a period before collisional 
redistribution of the excited state populations can take place. The attractiveness of this 
lasing scheme lies in the picosecond output, which makes it particularly suitable for 
characterizing fast evolving events. With this paper we present the first measurements 
of the longitudinal coherence of the transient collisional x-ray laser. 

2. EXPERIMENTAL SETUP 

The Ni-like Pd 14.7 nm x-ray laser probe beam was generated using two laser beams 
at 1054 nm wavelength from the COMET facility at LLNL [5]. Single pass saturated 
x-ray laser output of a few 10's of pJs was achieved with an optical pumping 
combination of a 600 ps long pulse (2 J, 2 x 10" W cm-2) and a 13 ps (5 J, 3 x l O I 3  W 
cm-*) main heating pulse [6]. Traveling wave, irradiation using a 7-step reflection 
echelon along the 1.6 cm line focus geometjr was 6inployed on a 1.25 cm polished 
slab Pd target to produce amplification in the axial direction. Approximately ten shots 
can be taken on the same target position before the output of the x-ray laser degrades 
significantly. Over the lifetime of a target position the output mode structure of the x- 
ray laser was found to be repeatable. 

The x-ray laser output was imaged (Figure 1) and partially collimated by a normal 
incidence Mo/Si multilayer spherical mirror (Sl), withf= 11.75 cm, and routed via a 
45" multilayer mirror, to the input path of the Michelson interferometer. The measured 
reflectivity (assuming unpolarized light) of these two Mo/Si multilayer optics was 0.62 
(Sl) and 0.30 at the laser wavelength with a bandpass of 0.62 nm and 1.44 nm, 
respectively. The x-ray laser pointing stability along the input path of the 
interferometer was better than 100 pm from shot-to-shot. Upon entering the 
interferometer the x-ray laser beam interacts with a thin foil beamsplitter (BS), which 
is partially transmissive and partially reflective at the 14.7 nm wavelength. The 
beamsplitter consists of a 89nm thick Si3N4 membrane (0.5 x 0.5 cm2) coated either 
side with 4.5 bi-layers of Mo/Si. The reflectivity at the x-ray laser wavelength is 14.4 
% with a bandwidth of 2.7 nm. 

One arm of the interferometer is directed to 0" multilayer optic, M1, via a reflection 
from BS. The beam is then returned along the same optical path and is transmitted 
through the beamsplitter. The other interferometer arm, which is initially transmitted 
through BS, reflects off the 0" mirror M2 and reflects off BS to the output collection 
optics. Both arms are co-propagating after the beamsplitter en route to M3. If 
sufficient spatial and temporal overlap of the two arms is achieved interference fringes 
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will be generated. The two arms of the interferometer (BS-+Ml, BS-+M2) were set to 
have the same nominal length with a mechanical alignment rod, to an estimated 
accuracy of -100 pm. Rough spatial overlap of the two arms was done using a charged 
coupled device camera (CCDI) placed before the imaging system (Fig. 1). 
Optimization of the spatial overlap is possible under vacuum with remote adjustment 
of the M2 tilt stage. 

Imaging Camera, 0 2  
niR cat i on) 

f = 11.75cm 

---)"------ 

Figure 1. Setup for Michelson Interferometer Experiment. 

The output signal from the inte;)ferometer rehects o&f M3 onto a spherical multilayer 
imaging mirror, S2, which has a focal length of 50 cm. The signal is routed from the 
imaging optic, via a 45" multilayer optic, to a thinned back-illuminated CCD2 detector 
with a 1024x1024 24 pm2 pixel array. A 2000 A ZdlOOO 8, Polyimide (C22H10N205) 
filter was placed in front of the CCD to block visible and UV light. The imaging 
mirror was set to image the output plane of an A1 target, within the M1 arm, from 
which a secondary plasma can be generated for pump-probe experiments. The total 
magnification of the imaging system was estimated to be -7.5 giving a pixel limited 
resolution of 3.2 pm at the target plane. The reflectivity of the multilayered mirrors in 
the interferometer (also M3 and S2) is measured to be -35% at the x-ray laser 
wavelength (s-polarization). The throughput of the interferometer is approximately 
0.014. 

Alignment of all the optics within the interferometer was done with the aid of a 
telescope, placed in the CCD2 camera position, and set on axis with the aid of 
alignment crosshair fiducials. A 5 mW HeNe diode laser was injected into the entrance 
aperture of the telescope. Absolute positioning of the optics tilt stages was achieved by 
retro-reflection of the HeNe alignment beam, off a given optic, back down to the 
telescope entrance aperture (autocollimation). 

A sample interferogram is shown in Fig. 2 (a). The image captured by the CCD2 
camera represents a region of -1700 x 1700 pm2 at the target plane. The curvature 
associated with the fringes is due to stresses across the beamsplitter causing local 
variations in the angles of the phase front within the x-ray beam. Figure 2(b) shows an 
integrated lineout (over box in 3(a)) which illustrated good levels of coherence across 



several hundred microns. Fringe visibilities, V = (Imar - Imin)/(ImM + Imin), up to 70% 
have been measured. The large scale intensity variations across the image are due to 
mode structure within the x-ray laser. It has been observed that after equalization of 
the arms is achieved, there exists good coherent relationship between the modes. 
Structure along individual fringes may be due to non-uniformities within the 
beamsplitter or multilayer optics. 
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Figure 2 (a) Interferogram taken at AL = 0 for a. 139s,CPA heating pulse (b) Integrated lineout 
over box in (a) shows good visibility over several hundred dicrons. 

3. LONGITUDINAL, COHERENCE MEASUREMENTS 

To determine the longitudinal coherence of the source the differential path length 
between the two arms of the interferometer was systematically varied and the fringe 
visibility in the interferograms monitored. This was achieved by incrementing the 
M2-+BS length with encoded translation of M2 while keeping the distance from the 
beamsplitter to M1 fixed (Fig. 3). At least two shots were taken at each position to 
ensure repeatability. Each interferogram can be characterized in a number of ways: 
overall fringe continuity, number of adjacent fringes, number of counts on CCD, 
uniformity of intensity along a fringe and visibility. Sufficient quality must be 
achieved in all of these categories to ensure the interferogram is suitable for plasma 
probing experiments. It was found that there existed a high degree of speckle in the x- 
ray intensity pattern which was considered to be unrelated to the larger scale intensity 
variations associated with the inherent transverse mode structure of the x-ray laser. 
This speckle, which is possibly a result of inhomogeneities within the beamsplitter, 
was superimposed onto the interferograms giving rise to random high spatial 
frequencies in the intensity of the fringes. To obtain visibility measurements intensity 
averaging was carried out over a 30-pixel region, which is equivalent to 225 pm at the 
target plane. This had the effect of negating the speckle contribution whilst 
maintaining the accuracy of the visibility measurement. The results are shown in Fig. 
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3(b). Each data point signifies the average of nine measurements across a single 
interferogram. Ideally fringe visibilities up to 100% would be observed. In practice 
this was not achieved due to a small degree of spatial misalignment and slight 
variations between the optics. It was observed that for shots with increasing distance 
away from the nominal overlap position the regions over which fringes were visible 
became smaller. This may be due to adjacent transverse modes in the x-ray laser 
profile with, for example, the same coherence length but being temporally offset. 
Fringe visibilities below 0.2 were difficult to measure because at larger values of AL 
the fringe continuity was on a scale less than that of the integration window. Also 
shown in a Gaussian fit to the data points with the l/e half-width yielding a coherence 
length measurement of 400 pm * 35 pm. This is equivalent to a temporal coherence, 
zC, of -I .33 PS. 
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Figure 3. Variation of fringe visibility with path difference between two arms of the 
interferometer. Each data point represents the average visibility for a given shot taken from nine 
separate measurements across the interferogram. Standard deviations are shown via the error 
bars. Also shown is the best fit Gaussian curve with a l /e half width of -400 pm f 35 pm. 

Following [4] the measured fringe visibility is equal to the magnitude of the complex 
degree of coherence within the illumination beam. The latter is a measure of the 
degree of correlation between the two combining phase fronts at the output of the 
interferometer. By incrementing the length of the M2 arm by a distance L the phase 
front associated with that arm is delayed by a time z = 2L/c. By using a Fourier 
transform relationship (Wiener-Khintchine theorem) the complex degree of coherence 
is shown to be related to the power spectral density of the x-ray laser pulse, I(u). As a 
result of this relationship, the linewidth Au and the coherence time T~ are inversely 
related. We assume the x-ray laser line has a Gaussian power spectrum such that, 

where A u  is the linewidth of the lasing transition, uo = CIA. The measured fringe 
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visibility dependence on z, V(z), is the envelope of the autocorrelation function of the 

The coherence time, z,, is defined as the value of z at which the visibility has 
decreased to l/e the maximum value. From figure 4(b) we have a z, - 1.33 f 0.12 ps, 
which yields an equivalent Gaussian FWHM linewidth of 0.29 f. 0.03 pm. For an 
expected ion temperature of 80eV [5] within the gain medium the Doppler broadened 
lineshape would be equivalent to -1 pm. Our lower measurement of -0.3 pm is an 
expected result of gain narrowing effects. The measured linewidth is a factor of four 
less than the 1.3 pm previously measured for the Ni-like Y quasi-state state x-ray laser 
scheme [3]. In that work the predicted ion temperature was 600eV, which gave rise to 
enhanced levels of Doppler broadening. 
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