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8 to 11 keV X-Ray Sources for Imaging and Absorption 
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We have measured the 8 to 11 keV emission spectra from plasmas 
produced by impinging 0.53 u,m 100 and 200 ps FWHM Gaussian laser 
pulses on targets of different materials. The experimental spectra from W 
and Zn are identified by comparison with local thermodynamic equilibrium 
plasma emission calculations. 

I. INTRODUCTION 

We have measured the spectrum and brightness of 8 to 11 keV x-ray 
emission from two types of laser produced plasma sources: extended and 
quasi-point. Extended, or spatially broad sources usually do not have to be 
spectrally broad and could be composed of narrow lines from K-shell 
emission. On the other hand, quasi-point sources are commonly used in 
absorption spectroscopy and must be spectrally broad. Both types of 
sources are commonly employed as backlighters in a variety of imaging 
experiments studying laser driven p lasmas 1 ' 2 - 3 . 4 > 5 , but using lower 
energy x-ray emission (< 4 keV). However, the emphasis here is on a 
higher energy backlighter which can probe denser regimes and a different 
range of plasmas. The purpose of this work was to determine whether 
useful backlighters could be generated in the 8 to 11 keV energy range and 
how well the emission spectra could be predicted by a straightforward local 
thermodynamic equilibrium plasma emission calculation. 
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The ability to accurately predict the backlighter spectrum can be very 
important in choosing a backlighter for an experiment. This is especially 
true for absorption spectroscopy where the spectrum must be continuous 
over a desired range of interest. With harder x-ray sources, it is difficult to 
obtain emission from a single element plasma which is continuous over 
more than about 0.5 keV. So tailoring the backlighter for the experiment 
means that the plasma source must be composed of several elements. 
Having the ability to accurately calculate the emission spectra of the 
separate components allows construction of a backlighter with the desired 
spectral shape using minimal experimental effort. 

The extended source investigated here used the K-band emission of Zn 
from a thick (50 u.m) foil target. The quasi-point source used the L-band x-
ray emission of W from a thin (12.2 urn diameter) fiber observed end on. 
The laser intensity and circular spot focus was similar for both experiments, 
but it should be noted that the fiber target intercepts less than 4% of the 
beam focus while the foil intercepts 100%. A more desirable situation for 
the fiber target would have been a line focus corresponding to the cross 
sectional area, but this was not available. Hence, it is not surprising that the 
fiber brightness was significantly less than that of the foil. Finally, we look at 
the emission from a multi-element fiber target composed of W, Cu, and Zn. 
This measurement allowed an absolute energy confirmation of the W 
emission and was a first attempt to produce a broad continuous spectrum 
using the spectral features from three different elements. 

Laser pulses of 100 and 200 ps duration were chosen because of their 
application to flash radiography. Studies show that the duration of the x-ray 
flash is usually less than or equal to the duration of the laser pulse<> for these 
pulse widths, aUowing a "snapshot" to be taken with a time integrated 
diagnostic. 

II. EXPERIMENT 

The Lawrence Livermore National Laboratory Nova Laser was used for 
these studies. All data was taken with 0.53 Urn laser pulses at maximum 
energy for the facility. Figure 1 is a schematic of the fiber target 
experiment. This set-up is normally used for point projection backlighting5, 
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but here was used only for backlighter emission studies. In this 
arrangement a solid tantalum bar is projection backlit by a point source of x-
rays generated by a laser pulse focused upon a fiber target. The best focus 
of the NOVA 10-beam laser is taken to be >150 tun in diameter for these 
experiments, so much of die laser misses the thin fiber target. The fiber 
defines the central axis of die experiment, pointing directly at the 
spectrometer aperture. To the spectrometer it appears as a x-ray source 
with the fiber diameter. An image of the target is projected onto a wide 
crystal which disperses the beam in energy, but also reflects the image to a 
plane of x-ray sensitive film. The reflected image has one axis which is 
purely spatial and another which is both spatial and spectral. Our 
measurements of the backlighter spectra make use of this spectral 
dispersion. As the source is virtually a point, uniformity of the laser focus 
does not couple to spatial uniformity of the backlighter. However, the 
spatial extent of the plasma x-ray source can affect the spectral resolution. 

The spectrometers used to make the fiber target measurements employ 
a broad (2.5 cm in width) flat graphite Bragg crystal to reflect an image of 
the region of interest. Thus the backlighter spectrum can be determined 
from several regions of the image allowing the use of different absorbers to 
obtain attenuated and unattenuated data in. the same laser shot. Absorption 
edges from Cu and Zn attenuators were used to confirm the energy scale in 
our data, however, the ultimate confirmation of the energy scale on these 
data was made via the H- and He-like emission lines from a multi coated Zn, 
Cu, W target fiber experiment described below. 

The extended foil target measurements were made on the Nova 2-beam 
facility. Here the beam focus is roughly 33% better for 0.53 pm light (> 90 
p.m in diameter) and the entire focal spot is intercepted by the target foil. 
The experimental geometry is somewhat different in this experiment as we 
used a curved graphite crystal to measure the emission spectra at a 
distance of about 80 cm from the target. Unlike the fiber experiment, the 
data were spectra and nothing was imaged. 

Both spectrometers employed were time integrated diagnostics with high 
reflectivity (R > 2 mr at 8.0 keV) pyrolytic graphite Bragg crystals. Filters 
were thin for x-rays of this energy and kept to a minimum. A 254 p.m thick 
Be filler was used at the spectrometer aperture to eliminate damage to the 
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crystal and a 127 u,rn thick Be window was used on the film pack to insure 
light tightness. 

HI. Emission Spectra 

K-shell spectra are well known and easily calculated. Figure 2 is a local 
thermodynamic equilibrium (LTE) calculation7-8 of the emission spectra 
from a Zn plasma showing the H- (2p1 / 2, 2p 3 / 2), He- (2p3Pi, 2p'Pi), and Li-
like transitions from the n=2 states to the ground states of these ions. Some 
n=3 transitions also fall within the energy range of interest. Although a laser 
produced plasma is not in LTE, an LTE calculation will give an 
approximately correct distribution of relative transition strength which can 
be used for approximate line identification. 

The emission spectra was measured from a Zn plasma using a 100 ps 
0.53 p.m Gaussian laser pulse incident upon an extended foil target. The 
pulse energy was measured to be 295 J for this shot with an error of 20%. 
Assuming a 90 Jim diameter best focus for the Nova 2-beam facility, the 
laser intensity was 3.0 to 4.6 x 1 0 1 6 W/cm2. Comparing the calculation widi 
the measured Zn spectra of figure 3 shows the prominent 2p-ls He- and Li-
like transitions just below 9 keV. The H-like (2p I / 2, 2p3/2) lines were not 
intense enough to be seen here. 

The peak at about 8.63 keV in the data is of interest as it arises from cold 
material deeper in the thick foil target. It is the Zn K^ line due to the decay 
of inner shell vacancies produced by electron impact ionization. The 
energetic electrons causing this arise from nonlinear absorption processes. 
However, this data shows die K^ line to be weak compared with transitions 
from the hotter plasma, apparently due to the fact that we are using 0.53 
jj.m laser light. In contrast, a similar experiment done with 1.06 |im laser 
light shows that nearly all the fluence is from the K^ line.9 The inset in 
figure 3 shows the Zn data of reference 9 which is dominated by the K^ line. 
This plasma was produced with 1.06 Jim laser light which has copious hot 
electron production. Since a single temperature LTE calculation does not 
model the excitation caused by the electrons in cold matter, die K^ line 
does not appear in figure 2. 
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The brightness was obtained using experimentally determined crystal 
reflectivity's10 while accounting for the experimental geometry and all inline 
filters. The measured Zn spectra is fairly bright and the peak fluence is 
estimated from the data to be = 3 x 1 0 ^ keV/(keV-sphere). As expected 
and evidenced above, K-shell spectra are mainly composed of relatively 
narrow line structures. Such sources are very good for undispersed 
radiography, but are not spectrally broad enough for absorption 
spectroscopy. Broader emission bands should be available from the L-shell 
emission of a higher Z element such as tungsten. 

Figure 4a shows the measured W spectra from a 525 J, 200 ps FWHM 
Gaussian pulse irradiating a 12.2 iim diameter fiber target. Assuming a best 
focus of 150 urn in diameter and accounting for the 20 % uncertainty in the 
beam energy measurement, the laser intensity "/as 1.2 to 1.8 x 10 1 6 W/cm2. 
The emission features are indeed broader, but much less intense than the Zn 
K-shell emission. Most of the tungsten fluence is contained in the two 
prominent band structures. The brightest of these is the peak at about 8.5 
keV which has a peak fluence of = 1.2 x lO^ 4 keV/(keV-sphere), roughly 
two orders of magnitude less than the fluence of the Zn foil plasma. 
However, as the targets used are so dissimilar, the reduction in brightness 
cannot be entirely attributed to going from K- to L-shell emission. 

The identification of the W features is more difficult than those of the Zn 
plasma. Figure 4b is an LTE calculation of the x-ray emission from a W 
plasma in which the LTE temperature is varied to match the charge states 
contributing in the experiment, which is inherently non LTE. The 
temperature chosen includes contibuting charge states from 24 to 29, thus 
making the plasma roughly Fe-like. Although the W plasma is not in LTE, 
an LTE calculation should be sufficient to identify the major contributing 
transitions. The cluster of emission peaks predicted about 10 keV matches 
experiment in energy, but not in shape. The predicted peaks at 7.7 keV and 
10.7 keV are not observed in this data because the physical end of the 
crystal is beginning to curtail the spectrum (these features are seen in figure 
5, which is discussed below). The shape of the calculated spectrum is in 
reasonable agreement with the data. 

All data shown above were energy calibrated by setting the appropriate 
Bragg angle in the spectrometer crystal via raytracing. This calibration was 
confirmed using well known Zn and Cu K edges from absorbers placed over 
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sections of die image data. However, low emission intensity in the vicinity 
of (lie edges lead to more uncertainty than was desirable. To obtain a more 
accurate energy calibration, multi-element fiber targets were used to 
determine the dispersion and energies of the W peaks using the well known 
K-shell features of Cu and Zn. 

The main technique used to obtain the our multi-element targets was co-
deposition. Figure 5 shows emission data from Cu/ZnAV co-deposition on a 
22 p:m dia. Cu fiber substrate. The coating is 1 to 2 urn thick. This data was 
taken by irradiating the fiber target w.th 633 J in a 200 ps FWHM Gaussian 
laser pulse (laser intensity was 1.43 to 2.15 x 1 0 1 6 W/cm2) and using the 
same diagnostic which measured the spectrum in figure 4a (the energy 
range was increased by adjusting the crystal position). The graphite crystal 
spectrometer used to measure this spectra has an energy resolution of 
about 10 eV, barely enough to resolve the 2p-Is He-like lines of Cu (8.280 
and 8.307 keV) and Zn (8.950 and 8.999 keV). As the He-like lines of Cu 
and Zn are well known, 1 1 the energy calibration of our measurement was 
confirmed to better than 1 %. The increased energy coverage in this shot 
also measured additional higher and lower energy W features predicted by 
the calculation. Comparing the data of figure 5 with the calculation shown 
in figure 4b, the weak structures at 7.4 keV and 10.75 keV are identified as 
probably belonging to W. 

The fact that the LTE calculation predicts the shape of the tungsten M 
—» L emission spectrum reasonably well and that additional predicted 
features were measured is very encouraging. The LTE plasma emission 
calculation was taken to be a relatively quick and easy way to predict the 
emission spectrum and determine significant features. However, it is not a. 
quantitative model of the laser plasma interaction and does not nc^ude non-
LTE effects, hence it falls short of a highly accurate, detailed prediction of 
the lungsten plasma emission spectra. 

IV. CONCLUSION 

Plasma x-ray sources produced by 100 and 200 ps 0.53 \im Gaussian 
laser pulses were studied. The target chosen produced K- and L-band 
emission in the 8 to 11 keV region with fluences of order 10 1 D keV/(k<*V-
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sphere) for Zn K-shell emission and 1014 keV/(keV - sphere) for W L-band 
emission. A simple LTE calculation of the L-shell spectra for W was shown 
to be in qualitative agreement with the data. More accurate, predictions of 
these complex M —• L band emission spectra probably require closer 
attention be paid to plasma conditions. 

1 nis work showed that backlighters in the 8 to 11 IceV range are feasible 
and could be used in either a spatially extended source or point projection 
scheme. Backlighting is a powerful experimental tool for the investigation of 
laser induced plasma physics on multi-beam laser systems where one or 
more- beams can be used to dr've or initiate the event of interest while other 
available beams generate an x-ray source.. The feasibility oi" higher en rgy 
backlighters increases the versatility of this diagnostic technique 
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HGIJJIE CAPTIONS 

1. Schematic of the experimental set-up. A point projection spectroscopy scheme i s 

used to image a gold fiducial along with a solid Ta bar which acts as a knife edge block 
in the experiment. The actual experiment uses two of these diagnostic anus during 
each laser shot, utilizing two laser beams and two fiber targets. Our main interest in 
this work is the measurement of the indicated backlighter spectrum. 
2. LTE calculation of the emission spectra from a zinc plasma in the region of 
interest. H-, He- and Li-like structures are prominent for 2p-ls and 3p-ls transitions. 
3. Measured emission spectra from a zinc plasma formed by a 100 ps FWHM 
Gaussian 0.53 p.m laser pulse. The 2p-ls He-like transitions are clearly visible below 
9.0 kev. The peak at about 8.6 keV is the Kcv line described in the text. Comparison 
with the zinc spectra in the inset (ref. 9) shows that the Ka dominates when 1.06 |xm 
laser light (see toxt) is used rather the 0.53 jun. 
4. (a) Measured emission spectra from a tungsten plasma formed by a 200 ps 
FWHM Gaussian 0.53 p.m laser pulse, (b) LTE calculation of the emission spectra 
from a tungsten plasma in the region cf interest. Calculated spectra is from a plasma 
which is approximately Fe-like. 
5. Emission spectra from co-sputtered copper/zinc/tungsten fiber target. The 
substrate is a 22 |im diameter copper wire with 1 to 2 yun thick coating. 

***** 

10 



Laser 
beam 

Point source 
of x-rays 

"Shadow" of gold fiUu -
Backlighter spectrum -

- 25 (im dia gold fiber 

X-ray film 

Measurement 
ol knife edge -

Target Spectrometer 

- Figure 1 • 

M150-U-19655O2 



«• 23 

H e ( 2 p - 1 s ) 

9.0 9.5 10.0 

Photon energy (KeV) 

H e ( 3 p - 1 s ) 

- Figure 2 -

MI055-U -22270-03 



Laser 
beam 

Point SOUK 
of x-rays 

"Shadow" of go ld f idu -

Backtighter spectrum -

- 25 (im dia gold fiber 

X-ray f i lm 

Target 

Measurement 
of knife e d g e -

J L 
Spectrometer 

. igure 1 -

MI50-U-19G55 02 



H e ( 3 p - i s ) 

8.0 9.0 9.5 10.0 

Photon energy (KeV) 

10.5 11.0 

- Figure 2 -

MI05S-U 22276-03 



Zn L->K emission 
0.53 pm 100 ps FWHM Gau, 295 J 
3 . 0 - 4 . 6 x 1 0 ' 6 W/cm 2 

9.0 

Photon energy (keV) 

- Figure 3 -

MI049-U-17845-01 



Arbitrary Units Fluenoe [keV/(keV - sphere)] 



8 10 
X-ray energy (keV) 

- Figure 5 -

M)o53-U-21645 0 la 


