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Time-resolved lr n spectra in high-intensity laser-target interaction
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The spectrum of Ko. emission lines resulting from the interaction of a 10-p,m laser at 3X10' W/cm

with aluminum and titanium targets has been temporally resolved with an x-ray streak camera. With Ti

targets unshifted En predominates and the Ea yield is observed to peak during the rising edge of the laser

pulse. For aluminum targets the complete inner-shell transition spectrum extending up to the He-like res-

onance line is observed and is consistent with target heating expected from a local hot-electron flux

comprising about 10% of the laser intensity during the rising slope of the pulse.

It is generally accepted that, at sufficiently high intensi-
ties, laser-target interaction is completely dominated by long
mean-free-path electrons generated through resonance ab-
sorption and possibly other decay processes. At intensities
in the range 10' —10" %/cm with 10.6-p, m lasers, direct
absorption measurements'2 indicate that 30—40% of the in-
cident laser energy is absorbed while x-ray continuum stud-
ies, ' layered target Kn calorimetry, 6 and fast-ion spec-
troscopy ' indicate a primary heated electron distribution
with Th„——6X10 ' (IX')'/' [(keV)/(W/cm'pm )'/']. The
coupling of these long mean-free-path electrons into the
dense target material is complicated in planar geometry by
magnetic field supported lateral transport and fast-ion gen-
eration. " '3 Direct measurements of local hot-electron en-
ergy deposition by Ko, calorimetry7 and shock-wave velocity
observations'4'5 indicate that about 10% of the laser energy
is coupled into the target in the focal vicinity at target irradi-
ances of 3x 10'4 W/cm . The dependence of yield on target
depth in layered target Kn experiments and the target thick-
ness dependence of optically inferred rear surface tempera-
ture7 are indicative of approximately classical axial transport
of hot electrons at depths below 1 p, m with a temperature
scaling as described above.

Ko, flourescent yields from laser irradiated solid targets
have been commonly used as a diagnostic of hot-electron or
radiation-induced preheat in laser target interaction experi-
ments. ' ' In the case of hot-electron induced preheat an
interpretation of these measurements has been handicapped
by the absence of temporal resolution and a tendency for
the unshifted or cold target Ka emission to saturate at low
absolute yields by preheat-induced target ionization. ' This
follows from the fact that, as outer electrons are removed
by ionization, the energy of the inner shell vacancy transi-
tion increases because of reduced screening of the nuclear
charge. ' It has been suggested' that the observation of the
complete spectrum of Ka emission lines would thus serve
as a direct diagnostic of ionization or temperature in dense
target material.

In the present experiment we have combined a high-
efficiency Von Hamos crystal spectrograph2 with an x-ray
streak camera. This has allowed for the first time the corn-
plete spectrum of Kn emission lines from an Al target to be
studied with temporal resolution. The results of these ex-
periments using a 50-J, 1-nsec CO2 laser to irradiate planar
targets at an intensity of 3x 10'~ %/cm are consistent with
local hot-electron energy deposition during the rising por-
tion of the laser pulse comprising —10% of the incident
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FIG. 1. Experimental setup for time-resolved x-ray streak spec-
tra.

laser flux. Strong He-like resonance line emission is also
observed from a thin ( ( 500 A) layer of Al near the target
surface. This indicates energy deposition in the region im-
mediately behind critical density, either through partial hot-
electron transport inhibition or a thermal absorption pro-
cess.

The experiment setup for these measurements is shown
in Fig. 1. X rays were focused onto the slit of an x-ray
streak camera by means of a 25x50 mrn x-ray diffracting
crystal bent to a 50-mm radius of curvature. The target and
photocathode of the streak camera were located on the axis
of curvature of the crystal with a separation of 300 mm. To
record Kn spectra from Al and Ti, x-ray diffracting crystals
of RAP (rubidium acid phthalape) and PET (pentaerythri-
tol) were used, respectively. The laser was incident in S po-
larization at an angle of 10' to the target normal allowing
the photocathode to detect x-ray emission at 62.5' from tar-
get normal. The target consisted of a 75-p, m-thick, 10x10-
mm foil mounted on a glass frame. For some shots the Al
foil was covered with carbon film of thickness varying
between 220 and 1000 A.

The laser pulse had a rise time of 350—400 ps and a full
width at half maximum of 750—900 ps. For the shots to be
discussed here, the incident laser energy was in the range
40-50 J. The laser was focused onto the target by means of
a 50-cm focal length f/5 piano-convex lens. The diameter
of the focal spot at the first diffraction minimum was 125
p, m with —50% of the incident laser energy contained
within this diameter. The peak intensity at the center of the
focal spot was in the range 3-4 x 10'4 %/cm',

A typical time integrated spectrum of the x-ray emission
from a pure Al target in the interval 7.7—8.4 A is shown in
Fig. 2(a) and a streak of the same spectral region is shown
in Fig. 2(b). The positions of various ICn-like emission
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FIG. 2, (a} Typical time-integrated spectrum from Al target
showing spectral region from cold I!'n (8.34 A) to the He-like Al

resonance line (7.76 A). The intensity scale is approximately linear.

(b} Streak photograph of same spectral region.

lines from the calculations of House2' are included for com-
parison. It is apparent that emission bands corresponding to
Kn transitions resulting from inner-shell ionization of A14+

to Al + are well resolved in both the time-integrated and
streak photographs as well as the two emission lines from
doubly excited Li-like aluminum (the so-called j, k, I and q,
r satellite lines which can be populated by inner-shell ioniza-
tion of excited A19+, inner-shell impact excitation of Al' +,
or dielectric recombination from Al" +) and the He-like Al
resonance and intercombination lines. Ka emission from
an expanding lateral transport zone which eventually ex-
tends several millimeters from the focal spot is indicated by
an expanding ring of emission surrounding the cold En line
at 8.34 A. This feature is similar to that previously reported
in nonspectrally resolved x-ray streak photographs under
similar conditions. The absence of this feature in Kn emis-
sion lines from higher-ionization states is attributable to the
low-specific energy deposition and consequent low degree of
ionization in the lateral transport zone. The emission lines
around 7.83 A asssociated with the doubly excited Li-like

configurations have previously been reported in laser target
irradiation with 1-p,m lasers and have been explained in
this case as due to transient ionization or dielectronic
recombination of thermally produced Al"+. In the present
case, these lines actually appear slightly before resonance
line emission. At a time —300 ps after the start of cold
Ka emission they are the most intense feature in the entire
K shell transition spectrum. It seems likely, therefore, that
in the present case these lines are a signature of inner-shell
ionization by hot electrons of thermally produced Al + or
inner-shell impact excitation of Al' +.

In the case of pure Ti targets, Ti Eo, spectra recorded
with a PET crystal exhibited only two weak-shifted Ko,
components corresponding to Ti' + and Ti'"+; the He-like
Ti resonance line was not detected. The Ea emission in
the components Ti' + and Ti' + did not exceed a few per-
cent of the total Ti Eo. yield.

The temporal dependences of cold Ko. emission
(Ale+ —Als+), En emission from Al'+, and He-like Al res-
onance emission are shown in the photodensitometer traces
of Figs. 3(a)-3(c) along with a typical laser pulse shape.
The temporal dependence of Kn emission from Ti is shown
in Fig. 3(d). In this case since saturation by ionization is
not important, the temporal dependence of Eo, emission
should be proportional to the total rate of hot-electron ener-

gy deposition in the target. It can be seen from Fig. 3(d)
that the duration of Ti Ko. emission is considerably less
than the laser pulse length, and that if one associates the
start of Ko. emission with the leading edge of the laser
pulse, then this emission peaks on the rising edge of the
pulse. In the case of Al targets, if one associates the start
of the laser pulse with the initial appearance of cold En
emission, then this line peaks earlier than the Ti signal and
its total duration is further shortened. The short duration
of unshifted Ko, production in Al targets as compared with
Ti is apparently indicative of thermal saturation of cold Ko.
yield in Al. Ka emission from Al + starts approximately
250 ps after cold En emsission as does the He-like reso-
nance emission. The long duration of the resonance line
emission compared with the Ko. emission lines and the laser
pulse width suggests that this line is primarily excited by
thermal plasma.

Several spectra were obtained with overlays of carbon or
plastic foil in the thickness range 200—1000 A on the sur-
face of an Al target foil. These spectra were qualitatively
similar (with some attenuation) to those for pure Al, how-
ever, the He-like resonance line disappeared for overlays in
excess of 500 A. These observations suggest that a thin
layer of target material is heated to a temperature in excess
of 100 eV (this is consistent with the observation of weak Ti
ECn satellites corresponding to Tits+ and Ti'4+). This heat-
ing occurs quite early in the laser pulse and is probably not
associated with the main distribution of hot electrons
responsible for Kn production from deeper, cooler target
layers. This may be due to partial hot-electron transport in-
hibition or simply a signature of weak thermal energy depo-
sition at the critical density surface.

Target heating and hydrodynamic expansion under the in-
fluence of a hot-electron flux have been modeled by a ver-
sion of the one-dimensional hydrocode MEDUsA. The in-
cidence laser pulse shape was modeled by a piecewise linear
fit. At the critical density surface a constant fraction of the
incident laser po~er was converted into an ingoing semi-
isotropic flux of hot electrons at a temperature scaling with
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FIG. 3. Temporal characteristics of (a) cold Al K~, (b) Ko/ from Al, (c) Al He-like resonance emission, and (d) Ti Ka emission.
The temporal profile of the laser pulse is in each case indicated by the dotted curve with assumption that cold Ka emission starts at the
leading edge of the laser pulse. Intensity scales are linear for laser intensity and logarithmic for the x-ray emission.

the incident laser intensity as Th„=2.7 x 10 I&'~

[keV/(W/cm')'/3]. These electrons were assumed to depos-
it their energy in the dense target material according to the
prescription of Harrach and Kidder. 24 The calculation used
a Fermi-Thomas equation of state with Saha ionization. A
temporally resolved spectrum of Eo/ emission yields for
various ionization states of Al was calculated by multiplying
the rate of hot-electron energy deposition in each ionization
state by the fluorescent yields calculated by McGuire. '9

This procedure assumes that the instantaneous ratio of en-
ergy deposited into E-shell ionizations to total electron en-
ergy deposition is independent of electron energy and ioni-
zation state. This approximation is reasonable providing
that the hot-electron temperature is much greater than the
E-shell ionization potential. ' The lines were attenuated
with target depth in an approximate fashion by taking an ab-
sorption coefficient corresponding to that of En in cold Al
and allowing for the experimentally correct angle of obser-
vation. The calculation thus ignores the possibility of Ea
absorption by resonant processes. Since MEDUsA calculates
only an average degree of ionization, it was assumed that at
most two ionization states were present in a given Lagrangi-
an shell at one instant in time. The hot-electron flux at the

surface of the target was assumed to be a constant fraction
of the experimentally estimated peak laser intensity (that
reached at the center of the focal spot). Calculated spectra
for a laser pulse shape similar to the experimental one with
a peak intensity of 3&& 10' %/cm' are shown in Fig. 4 for
assumed coupling fractions of 10% and 5%, respectively. It
is apparent that the spectrum shown in Fig. 4(a) for a cou-
pling fraction of 10% represents a reasonable fit to both the
temporal behavior of the experimentally observed spectrum
and the observed distribution of intensities among the vari-
ous ionization states. For example, in the simulation A17+

is produced 300 ps after the start of the laser pulse awhile,

experimentally, the correpsonding Xa line appears 250 ps
after the onset of cold En. . In the calculations the delay
between the onset of emission from successively higher
states is due to the time required for the zone of primary
hot-electron energy deposition (extending 1-2 p, m deep in
the target at solid density) to reach the temperatures re-
quired for that degree of ionization. Ionization in the code
is assumed to be instantaneously in thermal equilibrium.
The appearance of A17+, for example, requires a thermal
temperature of about 70 eV. At a given instant in time,
emission from successively lower ionization states originates
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(a)

FIG. 4. Calculated distributions of Ko. yields in Al for (a) 10% coupling and (b) 5% coupling. The assumed laser pulse shape is indicated
in each case by curve at upper left while descending curves represent yields from Alo +, A14+, Al +, Al +, Al +, and Al +, respectively.
The curves in (b) have been normalized so that the peak Ku yield from cold Al (Alo +) is equal in (a) and (b).

progressively deeper into the target. When the coupling ef-
ficiency is reduced from 10% to 5% in the simulation, the
reduced rate of target heating is reflected in a larger delay
between lines corresponding to higher charge states, A18+,

for example, in this case is produced at the target surface
only near the end of the laser pulse.

In addition to the strong dependence on target coupling
efficiency, calculated Ko. emission spectra depend sensitive-
ly on details of hot-electron transport into the dense target
material. Partial hot-electron transport inhibition near the
target surface, for example, would result in an enhanced
heating and ionization rate for a given coupling fraction.
This will increase the relative strengths of Kn emission
from the higher ionization states. Although the present
results are consistent with classical hot-electron transport
and a coupling fraction of about 10% during the rising edge
of the laser pulse, they do not rule out a reduced coupling
fraction combined with axial hot-electron transport inhibi-
tion. The temporal dependence of unshifted Kn production
from Ti targets indicates that, in fact, the local hot-electron
coupling efficiency varies with time during the laser pulse
being greater on the rising edge.

As is evident from the calculations of Duston et al. , ' Ka

radiation from Al targets can be produced by photon as well
as electron energy deposition. In general, the relative con-
tributions of photon- to electron-induced K-shell vacancies
can be estimated by comparing the flux of photons escaping
from the front of the target with energy above the K edge
to the flux of hot electrons into the target, multiplied by
their fractional energy dissipation in K-shell ionization'
(about 2% for Al). An upper limit to the photon energy
flux in the present case is about 5&&10' W/cm . The hot-
electron energy flux inferred from the present results and
previous measurements is about 10% of the peak laser in-
tensity or 3& 10' %/cm' giving a K-shell energy deposition
of 6x 10" W/cm; thus the total contribution from x-ray in-
duced inner-shell vacancies in the present case is at least an
order of magnitude less than the contribution from hot-
electron induced vacancies.

A careful study of the temporal evolution of shifted Ka
emission lines from layered low-Z targets should make it
possible to directly infer target temperature as a function of
depth and time thus resolving the temporal dependence of
hot-electron coupling efficiency and establishing the exact
nature of the transport of these electrons through the dense
target material.

'Present address: Institut National de la Recherche Scientifique-
Energie, Universite du Quebec, Varennes, Quebec JOL 2PO, Cana-
da.
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