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Ti K� emission yields from foils irradiated with �45 fs, p-polarized pulses of a frequency-doubled Ti:sap-
phire laser are presented. A simple model invoking vacuum heating to predict absorption and hot electron
temperature was coupled with the cross section for K-shell ionization of Ti and the Bethe-Bloch stopping
power equation for electrons. The peak predicted K� emission was in generally good agreement with experi-
ment. This contrasts strongly with previous work at the fundamental frequency. Similar predictions using
particle-in-cell �PIC� code simulation to estimate the number and temperature of hot electrons also gave good
agreement for yield.
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I. INTRODUCTION

The study of K� emission from ultrashort pulse laser-
produced plasmas has been pursued by several groups
�1–13�. Such studies give clues to the propagation of fast
electrons in different types of solids as well as the plasma
conditions created �14�. This may be important in the devel-
opment of fast ignitor fusion and fast x-ray sources for a
variety of applications �15�, such as ultrafast diffraction and
probing.

Using fundamental laser radiation, usually at 800 nm, ex-
periments on a variety of target materials with pulses from
30–200 fs �1–15� have shown typical K� conversion effi-
ciencies in the range 10−6–10−4. The generation of K� pho-
tons is governed by two principal issues. Firstly, there is the
interaction of the laser with the target—usually with a sub-
stantial preformed plume. This determines the number and
energy of the fast electrons. Then there is the transport of the
fast electrons into the foil where they ionize cold atoms and
generate K� emission. Models that treat either of these issues
are available �16–19�. However, models that treat both to-
gether are not yet available and in general it has proved hard
to reproduce experimental yields with simple modeling. In
this paper we show that when using frequency-doubled
pulses to avoid the preplasma production, we are able to get
good agreement for the maximum K� yield with relatively
simple models.

II. EXPERIMENTAL SETUP AND DATA

The experimental arrangement has been presented previ-
ously �20�. The ASTRA Ti:sapphire laser was used in second
harmonic, by use of a KDP type-I crystal which was 0.6 mm
thick and allowed up to 60 mJ of 400 nm light on target per
shot. The 400 nm beam was reflected off three dielectric mir-

rors, effectively rejecting the unconverted amplified sponta-
neous emission �ASE� prelase and prepulses. After reflection
from a Ag mirror, the beam was focussed onto target by a
Ag-coated off-axis parabola �OAP� in an f /2.5 cone. Leak-
age of 400 nm light through the second dielectric was used
to monitor the energy of the blue beam via a photodiode
coupled to an integrating sphere with IR filtering to cut out
800 nm light.

The focal spot was measured at the focal position in the
chamber with an objective coupled to an 8-bit charge-
coupled device �CCD� with the fundamental beam attenuated
to 1% of maximum at the input to the compressor using a
waveplate. At best focus typically 35% of the light was con-
tained in the central spot which was only 1.5 �m�1.9 �m
full width at half maximum �FWHM�. At larger offsets the
focal spot contained several small hot spots and the total
energy was contained within the spot determined by geo-
metrical optics.

The principal diagnostic was a time-integrating von Ha-
mos spectrometer consisting of a LiF �200� crystal and a
16-bit CCD detector. This instrument has been previously
calibrated at 5.9 keV �9� and since, in theory, the reflectivity
does not vary much between 4.5 and 5.9 keV we used a
scaled value in our data analysis. We also used an Axis Pho-
tonique x-ray streak camera with a KI photcathode to
achieve �0.7 ps resolution, which looked directly at the tar-
get. Ti and Sc filtering was used across the slit to show that
with 12.5 �m Ti filter, the camera was sensitive primarily to
the K� and He � lines with the former being dominant away
from best focus. We were able to look at both s and p polar-
ization by rotating the targets in the appropriate planes. For
p-polarized light we measured the specular reflection from
the targets using a Molectron energy monitor—we were not
equipped to make measurements of the nonspecular scatter.

Figure 1 illustrates the principal results. In Fig. 1�a� we
see the K� emission for p polarization at 3 angles of inci-
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dence. We see that there is a significant increase after 30° but
after 45° the increase is somewhat smaller. This is mirrored
in the measured specular reflectivity seen in Fig. 1�b�. In Fig.
1�c� we compare S and P polarization for 45°. Clearly, there
is a strong difference and that even at tight focus the polar-
ization appears well defined. In Fig. 1�d� we compare the K�
emission at 45° for a 12.5-�m-thick target with that for a 1
-mm-thick Ti target. The thicker target has slightly less emis-
sion than the thinner foil, rather than slightly more as might
be expected.

III. MODELING

We model the K� emission in our data with a simple
approach. Firstly, we use the Brunel vacuum heating model
�21� to calculate both the hot electron temperature �Thot� and
absorption fraction, as shown in Fig. 2. This assumes a
prepulse free laser-solid interaction. For the second harmonic
we expect this to be a reasonable assumption and the strong
dependence of both the K� yield and specular reflectivity on
the angle of incidence supports this assertion.

Next, we assume a Maxwellian distribution �2� with a
temperature Thot. We calculate the number of electrons in 112
equally spaced energy bins out to energy 5.6 k Thot. We di-
vide the foil into cells of 10−2�m and for each energy group
we transport the electrons through the cells using the relativ-
istic ionization cross section �22� to calculate the K� photons
generated. For each ionization event, an electron is lost from
the beam. The reabsorption of the K� photons is accounted
for according to the depth of the cell in the foil. Slowing of
the electrons via collisions is included via the Bethe stopping
formula �23�. Once an electron group emerges from the rear
of the foil it is assumed to play no further role.

Figure 3�a� shows results for a 12.5 �m foil. Note that the
peak value of emission is in good agreement with experiment
for 30° and is about 25% lower and 40% higher than experi-
ment for 45° and 60°, respectively. This last result might be
explained by saturation of absorption in vacuum heating. It
has been shown by Brunel �24� that the vacuum heating
model will overestimate the level of absorption at high in-
tensity, as it neglects the v�B force. Given the high level of
absorption predicted for a 60° incidence, there is a strong
possibility that it is overestimated. Note also that there is a
stronger dip at tight focus than seen experimentally. This is
to be expected since the tight focus has only 35% of energy
in the central peak and there is a halo of lower irradiance
��8�1017 W cm−2 that contains �45% of energy with the
rest spread over a larger area�. The averaging of irradiance
will fill in the central dip to a large degree. Averaging again
may play a role in our third observation: that the predicted
width of the emission with offset is �100 �m in contrast to
�400 �m experimentally. Moving away from best focus, the
focus will develop “hot spots” that will enhance emission
locally and thus may contribute to a broadening effect in the
yield versus the offset curve.

For the 60° case we used the BOPS PIC code �25� to
simulate absorption and Thot for a limited set of offsets. The
code uses up to 25 000 cells and 0.5�106 particles and takes
several hours per run. We do indeed find that at the peak
irradiance absorption drops to �13% with Thot�210 keV.
Figure 3�b� shows the predicted K� yield for different offsets
when we use the PIC code to determine the number and
temperature of fast electrons. It appears that despite the dif-
ferent absorption, the predicted peak yields are similar to the
Brunel predictions, perhaps because Thot is lower and fewer

FIG. 1. �a� K� yield for 12.5-�m-thick foils with p-polarization
at different angles of incidence. Positive offset means the focus is
behind the target. �b� Specular reflectivity for similar targets under
similar irradiance conditions. �c� Comparison of the K� yield for s
and p polarization for the same conditions as �a� for 45° incidence.
�d� Comparison of the K� yield for 12.5-�m- and 1-mm-thick tar-
gets; note the slightly higher yield for the thinner targets. In all
cases the data are an average of at least five data shots with the
standard deviations being represented by the error bars. The error
bar in the offset is �±10 �m.

FIG. 2. Parameters from the Brunel vacuum heating model for
400 nm incidence with p polarization. The high absorption pre-
dicted for the 60° incidence case is likely to be an overestimate as
discussed in the text.

FIG. 3. �a� Simulated yield of K� photons for a 12.5 �m foil for
three angles of incidence. Note the good agreement with experiment
�Fig. 1�a�� for peak yield for the 30° and 45° cases. In each case, the
contribution of the low intensity “halo” at tight focus is not counted
and will have the effect of filling in the dip. �b� Simulated yield
obtained using the BOPS PIC code to obtain both the number and
temperature of hot electrons.
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electrons are predicted to pass through the foil without inter-
acting. One difference is that the PIC code seems to predict
higher absorption out to high offset and would thus predict a
higher width of the peak with offset—in better agreement
with experiment. This behavior, coupled with the low ab-
sorption at tight focus seems to conflict with the experimen-
tal specular reflectivity data. It may be that at tight focus,
there is significant nonspecular reflection. We also note that
for the high offsets, we expect Thot� few keV, whereas the
initial temperature must be �1 keV to resolve the Debye
length and PIC simulations with low I�2 at higher offsets
than shown are not so reliable.

In Fig. 4 we compare 12.5 �m and 1 mm foils from our
model based on vacuum heating. The thicker foil has slightly
more emission due to having more material for the electrons
to interact with: it is only slightly higher because the absorp-
tion length of the K� photons is only �20 �m, so much of
the 1 mm foil does not contribute to the signal. Experimen-
tally �see Fig. 1�d��, the situation is reversed, with the thinner
foil being more efficient close to tight focus. We surmise
from this that fast electrons are indeed able to penetrate the
thinner, foil. As they exit, they are pulled back into the foil
and make a further contribution to the K� signal. In the
1 mm foil, these electrons mainly penetrate too deeply to
contribute to the K� signal.

So far we have made no reference to the time scale on
which the electrons penetrate the foil. As pointed out by Bell
et al. �17�, if we assume this happens on the time scale of the
laser pulse, the predicted current would generate an energeti-
cally impossible magnetic field. What is expected is that the
electrons would be confined by a large electric field to the
surface plasma until a cold return current neutralized the fast
electron current. The time scale for this should depend on the
resistivity of the target. X-ray streak data from the foils, as
shown in Fig. 5, showed K� pulse durations ranging from
�1.5 to �5 ps, indicating that this is the time scale on
which fast electrons penetrate the foil. The penetration depth
of the electrons is expected to be affected by the self-
generation of magnetic and electric fields.

Using Eq. �8� of Bell et al. �17� together with the cold
conductivity of Ti ��2.4�106 �−1 m−1�, we estimate the
maximum range to be �23 �m for tight focus, which ex-

ceeds the thin foil width. For large focal offsets, with their
lower value of Thot, the penetration depth starts to be less
than the foil width, but the Bethe-Bloch stopping distance
also drops. In fact, it is for the intermediate regime of
�25–50 �m offset that the predicted penetration depth is
smaller than both the foil thickness and the Bethe-Bloch
stopping range.

If we redo our calculation taking the penetration depth
given by Bell et al. as the foil thickness where this is less
than the actual foil depth then we get a yield of �1.5
�1011 photons/J, still quite close to the experimental value.
Comparing Figs. 1�d� and 4 we estimate that �30% of the
signal close to tight focus comes from recirculated electrons
coming back after exiting the foil. This would then fill in the
central dip and bring the yield back close to the experimental
value. We should also consider the slowing of the electrons
as they penetrate the foil due to the retarding electric field.
This effect would change the cross section for ionization.
However, the cross section varies by less than a factor of 2,
for example, between 0.1 and 10 MeV, the regime of interest
for close to tight focus.

The above arguments assume the conductivity of the Ti is
not much changed by fast electron heating. We can make a
simple estimate of the heating by assuming that the hot elec-
trons are generated at �400 keV and stream into the foil
over 1.5 ps �minimum x ray duration measured�. Next, as-
sume that we have power dissipation per unit volume of P
= j2�, where � is the Spitzer resistivity with ln �=8.7 and
Z*=4 and j is the current per unit area. If we insist that the
resistivity is self-consistent with the plasma temperature
reached by the heating then we get �10–30 eV, depending
on the area we assume �10–20 �m to account for spreading
of the electrons over a larger area than the focal spot�. This
level of heating is consistent with experiments by other au-
thors for similar conditions �26� �although with Al targets�.
However, the Spitzer conductivity is then only
�105 �−1 m−1 and the predicted penetration depth is less
than �1 �m. This is not consistent with our comparison of
thick and thin foils or with the measured ranges of �200 �m

FIG. 4. Comparison of simulations with the Brunel model, for
thick and thin foils. There only a slight increase for thick foils as the
K� photons originating deeper than �20 �m are reabsorbed.

FIG. 5. Streak line outs taken with an Axis Photonique camera.
The x rays illuminated the slit directly and the use of two filters of
Ti and Sc and comparison with the time integrated spectra allowed
us to confirm that the contributions from the K� emission dominate
the signal.
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for the same �400 keV electron temperature of Pisani et al.
�27�. We might point out here that recent molecular dynam-
ics simulations �28� indicate that the transition from solid to
a plasma may take several picoseconds even for several eV
heating: this may affect the validity of assuming Spitzer
conductivity—keeping the cold conductivity seems to give
better consistency with experiment in this case.

In summary, we have reproduced the peak K� yield well,
with simple modeling, without reference to the detailed fast
electron dynamics and we might think about why this has
been possible with 400 nm irradiance and not with earlier
800 nm data �29�. First, the data above and previous work
�26� indicate that electrons do indeed penetrate the thin foil
and so range restriction due to electrostatic fields is not a
major issue, at least for our metal foils. Also, we are mea-

suring total time and space integrated yields and so as long
as we model the number and temperature of the fast electrons
realistically and they eventually penetrate into the foil then
their detailed orbits should not significantly affect the mea-
surements. One feature that might have affected our ability to
model the yield is the issue of recirculating electrons which
are not included in the model. The data indicate that they
contribute up to �30% of the signal at tight focus. For the
800 nm case �29� we had a much higher Thot ��1.5 MeV�
for the same foil thickness and thus we believe recirculated
electrons played a much more significant role and hence the
simple modeling failed in that case.
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