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We report on the characterization of ultrashort (<10 psec at 1 keV), high-brightness (10%°
photons/sec mm?eV into 27 sr at 1 keV) x-ray pulses. The pulses are generated by exciting a pre-
formed laser-produced plasma using an ~1 GW, picosecond laser pulse. Time-resolved measure-
ments of the x-ray emission from a solid Au target are presented as well as the variation in the yield
with laser energy and the angle of incidence. Time-integrated x-ray emission yields and spectra are
presented for Si, Ti, and Au solid targets. Physical mechanisms responsible for the x-ray generation

are discussed.

INTRODUCTION

The development of short pulse lasers (7 <1 psec) has
spurred great interest in applying pulse-probe techniques
to measure time-resolved phenomena with picosecond,
and in some cases subpicosecond, resolution.! These ex-
periments generally investigate the interaction of a sys-
tem with the laser radiation, typically in the visible spec-
trum. A new important class of time-resolved measure-
ments in plasma and solid-state physics will become pos-
sible using ultrashort pulses at x-ray wavelengths.2—*
The availability of picosecond x-ray pulses will have
significant impact in areas such as time-resolved x-ray
diffraction and extended x-ray-absorption fine structure
(EXAFS), and will provide an ideal source for calibrating
time-resolved x-ray detectors such as streak cameras and
framing cameras. In this paper we report on the genera-
tion of ultrashort x-ray pulses by first heating a solid tar-
get with a low-intensity nanosecond laser pulse to pro-
duce a low-temperature plasma, followed by excitation of
the plasma using a high-power picosecond laser pulse.

EXPERIMENT

The experimental configuration used to generate and
characterize the short-pulse x-ray emission is shown in
Fig. 1. A short optical pulse of ~1 mJ energy in 1 psec
at a wavelength of 0.585 um was provided by an
amplified synchronously-pumped mode-locked dye laser,
operated at a repetition rate of 2.5 Hz. The amplified
pulse width was measured using an autocorrelator. In
the majority of the experiments, the short pulse was pre-
ceded 3 nsec in time by a long pulse of 3-nsec full width
of half maximum (FWHM) duration, containing ~ 15 uJ
of energy, generated from the amplified spontaneous
emission of the dye amplifier. The long pulse was moni-
tored using a GaAs photoconductive detector (~ 300-
psec resolution) with a Tektronix 7104 oscilloscope. The
total laser energy was measured on each shot with a cali-
brated diode.

The laser beam was focused with a f/7.5 lens onto a
solid target such that 80% of the laser energy was in a
25-um-diam spot, determined from the energy transmit-
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ted through a pinhole. This produced typical laser inten-
sities of 10'* and 10° W/cm? for the short and long
pulses, respectively. The targets consisted of a thin film
(>500 A) of Ti or Au deposited on a polished silicon
wafer. An uncoated wafer served as a Si target. The tar-
get was mounted on remotely-driven x-y stages and was
continuously rastered so that each laser shot was incident
on a fresh region of the surface.

The time-integrated x-ray emission spectra were ob-
tained using a 2000-A —period gold transmission grating
as a dispersive element.® The grating was positioned nor-
mal to the incident radiation, 5 cm from the target. The
radiation dispersed into first order was scanned with a
channeltron detector positioned 25 cm from the target
and mounted on a remotely-driven stage. The channel-
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FIG. 1. The configuration of the experiment.
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tron was a Galileo model CEM 4730 operated in the ana-
log output mode. Slits of 20 and 100 um width were
placed directly in front of the grating and channeltron,
respectively. The slits combined with the source size
defined the spectral resolution. It has been previously ob-
served® that the emitting region for x-ray energies greater
than 250 eV was less than 25 pm in diameter. We assume
that the emitting region for softer x rays was no greater
in extent than the damage spot on the target of typically
~100 um diameter. Then the spectral resolution E/AE
(A/ARQ) for the system was 80 at 40 eV (300 A), decreas-
ing to 14 at 800 eV (15 A). Broadband energy discrim-
ination was provided by a filter wheel positioned between
the target and the grating. The target assembly, grating,
and channeltron detector were mounted on a support
bracket that was free to rotate about the laser focus posi-
tion. This made it possible to easily vary the angle of in-
cidence of the laser beam on the target. In addition, the
target assembly could be independently rotated in order
to vary the angle of the line of sight of the channeltron
detector. The entire assembly was housed in a vacuum
chamber routinely pumped to a base pressure of 1073
torr.

The focus of the laser beam on the target was adjusted
prior to each scan. The “best focus” was determined by
maximizing the x-ray yield as measured in the zeroth or-
der of the transmission grating. A spectrum was collect-
ed by slowly scanning the channeltron through the first-
order dispersion of the grating. Both the output of the
channeltron and the reference diode monitoring the in-
cident laser energy were sent to a gated boxcar integrator
and stored on a computer for further averaging and
analysis.

The temporal characteristics of the x-ray emission
were measured on single shots using a Kentech x-ray
streak camera with 18-psec temporal resolution. The
temporal resolution of the streak camera was calibrated
using a l-psec pulse of ultraviolet radiation at 290 nm.
The time history of x-ray emission in an energy range of
50-70 eV was measured using a 0.75-um-thick Al filter
and a photocathode composed of 200 A Al on 0.1 um
Formvar. X-ray emission in an energy range of 1.0-1.5
keV was measured using a filter of 0.5 um Al on 0.3 um
parylene, with a photocathode of 1000 A Cslon 3.8 um
Mylar.

Unless otherwise stated, the laser energy on target was
1 mJ and the polarization of the laser beam was in the
plane of incidence (P polarized). The angle between the
laser beam and the target normal was 25°, and the angle
between the line of sight of the detector and the target
normal was 60°.

RESULTS

The time-resolved x-ray emission measured from a Au
target is shown in Fig. 2. Figures 2(a) and 2(b) are micro-
densitometer traces of single-shot streak records corre-
sponding to the energy ranges of 50-70 eV and 1.0-1.5
keV, respectively. The x-ray pulse widths (FWHM) are
35 psec for the 50-70-eV band and 18 psec for the
1.0-1.5-keV band. Deconvolving the temporal response
of the streak camera, we infer a pulse duration of 30 psec

for the 50—70-eV band and an upper limit of 10 psec for
the 1.0-1.5-keV band.

Time-integrated x-ray emission spectra for Si, Ti, and
Au targets are presented in Fig. 3. All of the spectra are
unfiltered except for the Au emission spectrum above 400
eV, which was filtered using a 0.5um Al-0.3-um
parylene foil. In all cases the spectra consist of lines or
bands of emission broadened by the instrumental
response, and superimposed on a background continuum.
The x-ray yield, given in units of keV/keV into 27 stera-
dians, has been absolutely calibrated with ~50% accura-
cy using an analysis of the photon statistics of the x-ray
emission as discussed in the Appendix. The calibration is
valid for either an isotropic or a Lambertian angular dis-
tribution of the emission.

Figure 4 shows the same Si, Ti, and Au spectra plotted
per unit wavelength interval so that the emission lines are
more easily visible. The transitions have been identified
using computer calculations based on the relativistic
Hartree-Fock average-configuration model.” The Si spec-
trum contains a 3d —2p and a 3s—2p band between
30-100 A and a 2p —2s band between 200-300 A. The
lines are identified by the number of bound electrons
remaining in the emitting ion. For Ti, the spectrum is
dominated by a 3d — 3p band between 230-320 A while
weaker 4s — 3p and 4d — 3p transitions are seen between
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FIG. 2. Single-shot streak records of radiation emitted from
a Au target, irradiated by a 1-mJ, 1-psec pulse preceded by a 3-
nsec, 15-uJ prepulse. (a) 50-70-eV radiation. (b) 1.0-1.5-keV
radiation. The time resolution of the streak camera was 18
psec.
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FIG. 3. Absolutely calibrated, time-integrated x-ray emission spectra: (a) Si, (b) Ti, (c) Au. The Au spectrum above 400 eV was
filtered as described in the text, and has not been corrected for the filter response.

80-230 A. The Au spectrum exhibits three distinct
bands of emission at 30-40, 120-200, and 200-300 A,
corresponding to transitions into the n=4, 5, and 6 lev-
els, respectively. These spectra indicate a considerable
amount of ionization: at least 9, 10, and 19 electrons
have been stripped off the Si, Ti, and Au atoms, respec-
tively.

We observed that the x-ray yield varied significantly
with both the energy and the angle of incidence of the
laser beam, particularly at higher emission energies. The
x-ray yield from a Au target in the 400-1000-eV band,
measured as a function of incident laser energy, is shown
in Fig. 5. The laser energy was varied using neutral den-
sity filters, so that the ratio of energies in the short and
long pulses remained fixed. Each data point represents
an average of 50-100 shots. The dependence of the x-ray
yield Y on laser energy E is well described by a power
law,

Y<E*3, (1)

The x-ray yield in the 400—-1000-eV band was measured
as a function of the angle 0 between the laser beam (P po-
larized) and the target normal, and is shown in Fig. 6(a).
A strong peak in the yield is evident with the maximum
occurring at ~25°. The x-ray yield for an S-polarized in-
cident beam at 25° is shown for comparison, and exhibits
a significantly reduced yield. Figure 6(b) shows a similar
measurement of the angular dependence in the case
where the nanosecond prepulse has been eliminated. The
strong peak in emission at 25° is no longer observable and

the overall x-ray yield is decreased by an order of magni-
tude.

DISCUSSION

The nature of the x-ray emission provides valuable in-
formation about the mechanisms responsible for the gen-
eration of ultrashort x-ray pulses. The dependence of the
x-ray yield on the angle of incidence and the polarization
of the laser beam is characteristic of resonance absorp-
tion.® In this absorption process, the component of the
laser electric field along the plasma density gradient ex-
cites electron plasma waves at the critical density, where
the local plasma frequency equals the laser frequency.
The plasma waves convect to lower-density regions and
some electrons are accelerated to high energies as the
plasma waves are damped. These hot electrons thermal-
ize rapidly and thus efficiently couple the laser energy
into the plasma.

The absorption of the laser energy, and hence the x-ray
emission, depends upon the strength of the electric field
along the plasma density gradient at the critical density.
For P-polarized light, the component of the electric field
along the density gradient (i.e., normal to the target sur-
face) increases with the angle of incidence. However, as
the angle of incidence increases, the turning point of the
laser beam occurs at lower density, so that the strength of
the electric field that tunnels to the critical density is
greatly reduced. It is the competition between these
effects that causes the absorbed fraction of the laser ener-
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gy A(6) to have a strong maximum with an angular
dependence given by®

A(0) < (kL) 3sin20e —(4/3IkL sin’6 ) )

Here L is the electron density scale length at the critical
density and k is the vacuum wave number of the laser ra-
diation. The solid line in Fig. 6(a) represents the best fit
of Eq. (2) to the data. To obtain this curve we have as-
sumed that the x-ray yield consists of two components, a
constant contribution arising from absorption mecha-
nisms which are independent of the incident angle and
the polarization of the laser beam and a contribution
from resonance absorption proportional to 4*3 [see Eq.
(D)]. In addition, the curve has been broadened to correct
for the 7° angular spread of the focused laser beam. Fit-
ting Eq. (2) to the data yields an electron density scale
length L =6000t1000 A. Since strong resonance ab-
sorption is not observed when the low-intensity lon

pulse is absent [Fig. 6(b)], we conclude that the 6000-A
scale-length plasma is produced by the heating of the
solid target by the long pulse. Hence the existence of
both laser pulses is required for the generation of an in-
tense, ultrashort x-ray pulse. The long laser pulse pre-
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forms a plasma into which the energy of the short laser
pulse is efficiently and rapidly coupled through resonance
absorption. A similar mechanism is probably responsible
for the enhanced x-ray yield recently reported from the
irradiation of a solid target by two successive high-
intensity (10'7 W/cm?), subpicosecond laser pulses.® A
direct comparison of our results to this work is difficult,
however, as the time scales and prepulse characteristics
are very different.

The line and band emission seen in Fig. 4 clearly indi-
cates that the harder x rays come from ionization states
ofup to Z= +9, + 10 and + 19 for Si, Ti, and Au, re-
spectively. The long laser pulse, with an intensity of 10°
W/cm?, can only produce a 1-10-eV plasma.!® Since the
ratio of ionization potential X to electron temperature T,
is typically 3-10 in plasmas not fully stripped, this corre-
sponds to a maximum ion charge state of Z= + 3 in Si,
Ti, and Au. Hence the short laser pulse is responsible for
generating ionization states between Z= + 4 and + 19,
which is also consistent with the short duration of the x-
ray emission.

We now consider in detail the mechanisms responsible
for the generation of the ultrashort, high-energy (> 1
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FIG. 4. Unfiltered time-integrated x-ray emission spectra exhibiting line and band emission: (a) Si, (b) Ti, (c) Au.
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FIG. 5. Time-integrated x-ray conversion efficiency from a
Au target in a 400—-1000-eV band as a function of laser energy.

keV) x-ray emission observed from Au targets. The
streak camera record [Fig. 2(b)] shows that the emission
lasts for less than 10 psec. Hence a lower limit on the
ionization rate up to Z= + 19 can be set at 10'' sec™".
We assume that hot electrons produced by resonance ab-
sorption thermalize through electron-electron collisions
and rapidly increase the bulk plasma temperature near
the critical density. The theoretical ionization rate S for
a Maxwellian electron energy distribution is given by

S =1.6X 107N, (T} /> /x?e ", 3)
where X and T, are in eV, N, is in cm ™3, and S is in
sec”!. For an average ionization potential X =250 eV,
and for X/T,=3 and X /T, =10 the ionization rates are,
respectively, S =10"''N, sec™! and S =10"!*N, sec™!.
Hence the stripping of several electrons within 10 psec at
the critical density (N, =3 102! cm~?) is only feasible if
X/T, <3, implying that T, is greater than 100 eV. We
note that for 7,=100 eV and N,=3x10*" cm~3, the
electron-electron thermalization time is 10 fsec,!* much
shorter than either the collisional ionization time or the
laser pulse length, thus justifying the use of a Maxwellian
electron energy distribution. Plasma temperatures in ex-
cess of 100 eV are consistent with earlier measurements®
of x-ray emission from similar plasmas, where a tempera-
ture of T, =200+50 eV was inferred from the measured
blackbody radiation flux at 50 A.

The duration of the x-ray emission, particularly at the
higher energies, is determined by the rate at which the
population of ions in the highly-charged states decreases.
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The ultrashort x-ray emission suggests that the decay of
the population is rapid and that the ionization mecha-
nisms that feed the population turn off within several pi-
coseconds. The dominant decay mechanism is likely to
be three-body collisional recombination. The recombina-
tion time 7 for ions in charge state Z in a plasma with
electron temperature 7, (in keV) and density N, (in
cm™3) is given approximately by'?

1022
N,

L psec . (4)

r=14T, ~

For values of N, =3%10%! cm 3, T, =200 eV, and Z=19
the recombination time is 0.5 psec. Hence the ion popu-
lation will deplete rapidly provided that the ionization
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FIG. 6. Time-integrated x-ray yield from a Au target in a
400-1000-eV band as a function of the angle between the laser
beam and target normal (@, P polarization; X, S polarization).
(a) High-intensity short pulse preceded by a low-intensity long
pulse. The solid curve is a fit to Eq. (2). (b) Without the low-
intensity long pulse.
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processes cannot replenish the highly-charged states.

The ionization rate, given by Eq. (3), is strongly depen-
dent on temperature. For an ionization potential of
X =600 eV, the ionization rate decreases by a factor of 20
when the electron temperature is decreased from 200 to
100 eV. We propose that the duration of the x-ray emis-
sion at the higher energies is limited by the time required
for the plasma at the critical density to cool to a tempera-
ture at which the ionization rate is negligible. Rapid
cooling will occur via thermal conduction into the cooler,
overdense plasma. The cooling time can be estimated us-
ing the equation for heat conduction in a plasma,'* as-
suming that the electron mean free path is shorter than
the temperature scale length. The time ¢, for a hot plas-
ma slab of uniform density N,, initial temperature T,,
and thickness x to decrease in temperature by a factor of
2 is given by

_ 2/%2.6)N,Ze*V/m x§InA
B (4meg) U kT, )32

SI units . (5)

tC

Here Z is the average charge state in the cold plasma and
InA is the Coulomb logarithm. For N, =3Xx10*! cm~?,
T,=200 eV, Z=3, and x taken to be the density scale
length of 6000 A, Eq. (5) yields a value of ¢, ~ 10 psec. In
a more rigorous investigation, the thermal conduction
equation has been solved numerically for a variety of den-
sity profiles using the initial plasma temperatures of 200
eV below critical density and 10 eV above critical density,
with a transition region of 6000 A. The solutions show
that the temperature at critical density reduces to 100 eV
within 10 psec regardless of the exact form of the density
profile, which is to be expected since the thermal conduc-
tivity has a very weak dependence on the electron densi-
ty. Thus the ultrashort x-ray emission at higher energies
is consistent with the rapid cooling of the plasma through
thermal conduction.

CONCLUSION

Ultrashort x-ray pulses have been generated by the in-
teraction of a high-intensity, picosecond laser pulse with
a plasma produced by the irradiation of a solid target
with a low-intensity laser pulse of several nanoseconds
duration. In this scheme, energy in the short laser pulse
is coupled efficiently into the electrons through resonance
absorption in the preformed plasma, resulting in rapid in-
creases in the electron temperature and ionization state.
After the short laser pulse is off, the hot plasma at critical
density cools rapidly through thermal conduction into
the overdense region.

The x-ray emission spectra typically exhibit a series of
identifiable lines superimposed on a broadband continu-
um. The duration of the x-ray emission decreases with
increasing energy, becoming < 10 psec in the 1-keV
range. We have measured an x-ray yield from Au targets
of 10° keV/keV at an emission energy of 1 keV. The
equivalent brightness of the x-ray pulse (a standard mea-
sure of the strength of an x-ray source) is 10%°
photons/sec mm? eV into 27 steradians. This is orders of
magnitude brighter than most other sources, being com-
parable to synchrotron radiation enhanced by insertion
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devices such as undulators. It is, in fact, probable that
the x-ray yield in the present experiment was not opti-
mized, owing to the fixed configuration of the prepulse.
Experiments are in progress to study the x-ray emission
as a function of the relative intensity and delay between
the prepulse and the high-intensity short pulse.

The ultrashort, intense x-ray pulse described in this pa-
per represents a source with many useful features for ap-
plication in high-resolution time-resolved measurements.
The intrinsic synchronization of the x-ray pulse with the
short optical pulse is ideally suited to pulse-probe tech-
niques, and allows for low-jitter triggering of electronics
such as gated detectors. The present maximum repeti-
tion rate of 10 Hz permits a moderate amount of signal
averaging. Furthermore, the x-ray source is broadband
in the sense that a wide range of energies can be accessed
by the proper choice of target material. Specific applica-
tions for such a source include time-resolved x-ray
diffraction and EXAFS in order to study dynamical
changes in, respectively, the long-range and short-range
order of condensed matter. Another important applica-
tion is flash radiography, in which a dynamic system can
be backlit by the ultrashort x-ray pulse to obtain an im-
age of the instantaneous absorption profile. For the laser
power levels used in this work, the x-ray emission is re-
stricted to energies less than ~1 keV. It is likely, howev-
er, that by using a higher power, short-pulse laser ions
can be stripped to core levels, producing ultrashort x-ray
pulses with significant brightness in the energy range of
1-10 keV.
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APPENDIX

In this appendix we show how the photon statistics as-
sociated with the x-ray emission can be used to absolutely
calibrate the x-ray yield. Consider the average x-ray sig-
nal S measured from N shots detected by the channel-
tron. Then,

S=mnG , (A1)
where m is the average number of x rays incident on the
channeltron detector, 7 is the quantum efficiency of the
channeltron, and G is the average gain of the channel-
tron. The variance of the signal o3 is the sum of three
factors associated with the variances of each stage in the
detection process. The first stage consists of the number
of photons m incident on the channeltron. The standard
deviation in the number of photons is m !“2. This is sub-

sequently amplified to yield a variance in the signal of
oi=(m"*GP=mn*G* . (A2)

The second stage corresponds to the interaction of an x
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ray with the photocathode of the channeltron. The prob-
ability of the x ray generating a photoelectron is 1, and
the probability of not generating a photoelectron is 1 —.
For m incident x rays the problem is equivalent to a
biased random walk with m steps, so that the standard
deviation in the number of detected x rays is
[mn(1—=n)]"/2. This is subsequently amplified to yield a
variance of

oi={[mn(1—]"*G}}=mn(1—7)G* . (A3)

The third stage corresponds to the gain of the channel-
tron, which has a variance O’ZG. We consider each detect-
ed x ray to be an independent event so that the total vari-
ance of this stage is

oi=mnol . (A4)
The variance in the signal is given by
a§ =0%+o‘%+a§
=mn252+mn( 1 —n)éz—{-mnaé
=G S(140%/GY) . (A5)

When the channeltron detector is operated in the analog
output mode, the distribution function W(G) that
represents the variation in the gain can be modeled as an
exponential:'®
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W(G)=ée_6’6. (A6)
This distribution has a variance 0% =G>. Hence,
01=2GS . (A7)

The quantities S and 0_29 are experimentally determined
by measuring the signal S; on N shots and applying the
well-known formulas:

< 1
S=xZSi

1 Sy

(A8)

ot (A9)

!

It is important to select a set of measurements S; that
correspond to the same incident laser energy, in order to
eliminate variations in the signal due to laser energy fluc-
tuations. Equation (A7) can then be used to determine
the gain G of the channeltron. The quantum efficiency of
the channeltron as a function of x-ray energy is available
in the literature.'””> Then the absolute number of photons
incident on the channeltron is given by m =5 /(G ). To
determine the absolute yield of x rays at a particular en-
ergy it is necessary to also know the efficiency of the
transmission grating. The efficiency of the grating has
been independently measured and was found to be 0.06
into zeroth order and 0.01 into first order. The efficiency
is relatively constant for energies less than 1 keV.
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