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Soft x rays from high-intensity laser interactions with solids
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High-density plasmas are produced by illuminating solids with ultrashort laser pulses of 120 fs at 800-nm
light, focused down to an intensity of approximatel 806 W/cn?. Soft x rays are thus generated from the
subsequent cooling of the plasma. Spectral data are presented for aluminum, Pyrex, and quartz targets. Emis-
sion from up to the lithiumlike species of all targets was obser{8t063-651X97)08807-7

PACS numbds): 52.70.La, 78.70.En

[. INTRODUCTION peaks, all of those shown are within a factor of 5 of the most
prominent peaks as opposed to much of the published data,

Advances in the technology of short-pulsed lasers havén which some of these lines are listed as 100 times smaller
made it possible to routinely achieve intensities greater thathan the most prominent peaks.
10Y” W/en? [1-3]. At such high intensities, both high-order
harmonic generatiofHOHG) [4,5] and high-density laser-
produced plasmas$LPP’s) [3,6,7] are viable methods for
producing various wavelengths of short-duration light pulses. Figure 1 shows the experimental setup. Four types of tar-
In particular, there has been a great deal of interest in thgets were used: aluminum, quartz, Pyrex, and brass. A rod
table-top production of ultrashort pulsed soft x rg@s-11]. of each target material was irradiated witipolarized pulses
In the x-ray regime, the energy of the light is on the sameof titanium-doped sapphire-generated 800-nm light. Each
order as the binding energy of inner-shell electrons. If ul-pulse was approximately 120 fs in duration and delivered 10
trashort pulsegin the 5-20 fs rangeof x rays could be mJ of energy. The pulses were focused withf&6 plano-
created, the inner-shell transitions of these electrons couldonvex lens such that the intensity at the target was approxi-
actually be time resolved; slightly longer puls@s the 20—  mately 8< 10'® W/cn?. The repetition rate of the laser was
200 fs ranggof x rays would allow time-resolved studies of 10 Hz, and the target rod rotated such that each pulse irradi-
outer-shell transitions. This is a fundamental area of interesited a fresh portion of the target. Much of the light was
that has widespread application from medical imaging an@mitted normal to the target, but to keep the amount of
treatment to understanding chemical and biochemicaplasma debris entering the monochromator to a minimum,
mechanisms by tagging specific atoms in complex moleculethe beam trajectory was set perpendicular to the slits of the
during reactions. 1.5-m grazing-incidence Rowland circle monochromator.

One method for producing these x rays that has receive®hus the angle between the incident light and the normal to
much attention over the last decade is to capture the photonke target surface was adjusted to get as much light as pos-
emitted from high-density plasmas. A short-pulsed laser isible at one particularly strong wavelength from the plasma;
focused down to greater thanfGV/cn? onto a target ma- this angle fell between 45° and 55°. To eliminate noise and
terial, producing the plasma. As this plasma cools, much ofurther protect the monochromator grating(¥000-A car-
the energy is reemitted as photons. Depending on the mat&on) filter was placed just in front the entrance slit; hence,
rial irradiated, discrete or continuous emission can occur afght with wavelengths smaller than 44 A does not appear in
various wavelengths and pulse widths. An advantage of this
process is that soft x-ray pulses on the order of a few pico-
seconds are presently attainahple2,13, with the hope of
improvement in the future. Another benefit is that in which-
ever way the plasma is generated, an abundance of photons Envancesitto
is generated, though often times collection of the light is a
problem[14].

Certain obstacles exist, no matter what method is chosen
to obtain these x rays. First, soft x rays are difficult to study;
optics do not work well in this energy ran§jg5], and so the
light is difficult to either observe or deflect out for use. Also,
most spectral data that exist come from traditional low-
density plasma experimen{d6]; hence, the ratios of the
intensities of lines in these reports are of limited use. 800 m, 120 fs puises focused to ~10” Wiem”

In this paper, we report the soft x-ray spectral data for
light emitted from high-density plasmas generated from
high-intensity light interacting with solid target materials.
While we do not attempt to assess relative intensities of FIG. 1. Experimental setup.

II. EXPERIMENT
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1063-651X/97/561)/12733)/$10.00 56 1273 © 1997 The American Physical Society



1274 BRIEF REPORTS 56

Pyrex, in 0.05A steps

@ A A.mny.tASERe
2 —— Experimental Data @
> z
> 2
2 Al VI, z
:te AlIX, g
= and Al X =
] =
[= ©
@ 5

7]

48 50 52 54 56 58
T T T T T T T T 1
Wavelength A) 60 80 100 120 140 160 180 200 220

Wavelength (A)

FIG. 2. Aluminum spectrum from plasma generated with
8x 10" W/cn? light. Laser parameters are listed in Sec. II. Thisis  FIG. 4. Pyrex spectrum from plasma generated with
an expanded region of Fig. 3. Vertical lines are data taken fromBX 10" W/cn? light. Laser parameters are listed in Sec. II.
Kelly and Palumbd16].

mum (FWHM) of these lines is approximately 0.5 A.

this study due to the carbdf-edge absorption. The primary ~ Figures 3, 4, and 5 show the “full” spectridrom 40 to
range of light observed was in the soft x-ray range, and so 820 A) for aluminum, Pyrex, and quartz, respectively. The
crossed pair of microchannel plates, the top plate beinglata for the Pyrex and quartz were taken in 0.05-A steps. The
coated with Csl, was placed directly behind the exit slit ofcomposition of both of the glasses is quite sim{lar]. The
the monochromator. The entire system was evacuated to aguartz is nearly 100% SiKXSi, Z=14; O, Z=8), with at
proximately 10 7 torr. most trace amounts of impurities. The Pyrex is approxi-

The monochromator held a Au-coated grating ruled withmately 80% SiQ and 13% BO; (B, Z=5) by weight. The
1200 grooves/mm, and the slit widths were closed to smallepther substances Ma and Al each comprise less than 5% of
than 5um, yielding a resolution on the order of 0.3 A. For the Pyrex by weight; however, in the regions shown, the
this reason, the step size between wavelength data points wagedominant Pyrex lines are mainly silicon and oxygen, with
chosen to be either 0.05 or 0.1 A. However, despite thigust two boron peaks near 60 A. The average FWHM for the
excellent relative resolution between points, the scaling ofjlasses is approximately 0.6 A. Note that even though the
our monochromator varied by approximately 1.0 A over itsplacement of lines in Figs. 4 and 5 is nearly identical, the
entire 400-A range. intensity pattern is distinctly different; this is likely due to

For each wavelength position of the spectrometer, the sigthe different chemical structures and molecular bond
nal from the microchannel plates was averaged over 28trengths in the Pyrex and quartz. For a comparison of line
shots, with point-to-point fluctuations of approximately 10%. strengths between the two glasses, the tallest peak in the
In this way, spectra were collected with a computer and hadjuartz(near 118 A shone with approximately the same in-
excellent reproducibility. tensity as the series of tall peaks in the Pyrex.

For a contrast to these three I&vmaterials which yield
sharply peaked spectra, bragu, Z=29: Zn, Z=30) was
also examined. Figure 6 shows this spectrum, which is

Figure 2 shows a portion of the spectrum from the irradi-largely continuous due to the multitude of transitions that can
ated aluminum targetZ=13), as well as some lines and take place in these heavier metals.
their relative strengths as found by the Naval Research Labo- There is one main difference between the spectral charac-
ratory[16]. Our data were taken in 0.1-A intervals. Note thatter of the plasmas we have observed here and that which has
these line strengths do not always correspond to the relatiieeen seen elsewhere. In studies by Teuletexl. [18] and
intensities of our data, since we did not use the same metbWorkmanet al. [3], nearly the same range of x rays from
ods; however, they are a fairly good indication of which linesaluminum plasmas is studied. In both of these cases, no such
should appear andusually what their relative strengths narrow peaks were observed; the features were much more
could approximately be. The resolution is more than suffi-continuumlike: similar to the brass spectrum in Fig. 6. This
cient to easily distinguish even 10-times ionized aluminummost likely indicates that the plasma we generated had a
(Al x1) lines. The average spectral full width at half maxi- lower density than those produced in these previous works.

Ill. RESULTS
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FIG. 3. Aluminum spectrum from plasma generated with FIG. 5. Quartz spectrum from plasma generated with
8% 10 Wicn? light. Laser parameters are listed in Sec. Il. 8x 10 Wicn? light. Laser parameters are listed in Sec. Il.
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A second reason we may be observing a lower-density
plasma could be that the leading edge of our pulses are pre-

Brass, in varying steps from 0.1 to 2 A

5 maturely generating a plasma, while the main peak of the
g pulse merely heats the preformed plasma. For a peak inten-
2 sity of 8x10' W/cn?, the plasma begins forming a few
E hundred femtoseconds prior to the peak. Thus the highest
® MM intensities interact with a longer-scale-length plasma. g-or
polarization this leads to enhanced heating at a lower den-
60 80 100 120 140 160 180 200 sity.

Wavelength (A)
IV. CONCLUSION
FIG. 6. Brass spectrum from plasma generated with

8 10" W/cn? light. Laser parameters are listed in Sec. II. We have presented high-resolution soft x-ray spectra
for the region of wavelengths between 40 and 220 A.
The research was performed by producing high-density plas-
but there are two that are most likely the cause. First, we arg a3 througgutshe mrtﬁzrac_tlon @i_—polanzed light at_ an inten-
using Ti:sapphire 800-nm light, whereas some others usd Y of 8x10™ Wic W't.h various ta_rget.matenals. Many

of the strong peaks which appear in this study are either

KrF* 248-nm light. The higher-frequency light penetrates to . e . .
higher-density regions, and since the density is proportiona‘fons'dered weak or do exist in data previously collected with

to the square of the plasma frequency, our pulses are OnIryethods other than those which use high-density plasmas.
able to couple to plasmas with an order of magnitude lower

density than the light from these other experiments. Of ACKNOWLEDGMENT
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A lower-density plasma could result from many factors,

[1] C. P. J. Bartyet al, Opt. Lett.21, 668(1996. [10] J. C. Kiefferet al, Phys. Fluids B5, 2676(1993.
[2] 3. Zhou, C.-P. Huang, M. M. Murnane, and H. C. Kapteyn,[11] F. Raksiet al, Proc. SPIE2523 306 (1995.

Opt. Lett.20, 64 (1995. [12] M. H. Sheret al, Opt. Lett.18, 646(1993.
[3] J. Workmaret al,, J. Opt. Soc. Am. BL3, 125(1996. [13] J. M. Schinset al, Phys. Rev. Lett73, 2180(1994.

[4] A. L'Huillier and P. Balcou, Phys. Rev. Letf0, 774(1993. [14] J. R. Norby and L. D. Van Woerkom, J. Opt. Soc. Am1B
[5] J. J. Macklin, J. D. Kmetec, and C. L. Gordon Ill, Phys. Rev. 454 (1996.

Lett. 70, 766 (1993. [15] J. A. R. SamsonTechniques of Vacuum Ultraviolet Spectros-
[6] H. M. Milchberg, I. Lyubomirsky, and I. C. G. Durfee, Phys. copy (Pied, Lincoln, NE, 196}
Rev. Lett.67, 2654(1991). [16] R. L. Kelly and L. J. PalumboAtomic and lonic Emission
[7] R. W. Falcone and M. M. Murnane, i@hort Wavelength Co- Lines Below 2000 Angstroms: Hydrogen through Kryptda-
herent Radiation Generation and Applicationsedited by D. val Research Laboratory Report No. 754973.
T. Attwood and J. Bokov, AIP Conf. Proc. No. 14KIP, New [17] Handbook of Chemistry and Physiosdited by D. R. Lide
York, 1986, pp. 81-85. (CRC, Boca Raton, 1993
[8] C. P. J. Bartyet al., Proc. SPIE2521, 246 (1995. [18] U. Teubner, C. Wulker, W. Theobald, and E. Forster, Phys.

[9] J. P. Bergsmat al., J. Chem. Phys34, 6151(1986. Plasmas2, 972 (1995.



