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Enhanced inner-shell x-ray emission by femtosecond-laser irradiation of solid cone targets
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The possibility of enhancing inner-shell x-ray emission, especially K« emission, by femtosecond-laser
irradiation of solid cones instead of foils was investigated theoretically. In a model for hot electron (HE)
transport and K« x-ray generation, K« emission from laser-irradiated solid cones and foils is investigated. As a
complementarity to the model, the contributions from electric and magnetic fields generated by the HE current
in solid cones and foils are discussed. The results indicate that the efficiency of HE energy conversion to K«
photons is improved and the optimum HE temperature is increased.
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I. INTRODUCTION

Inner-shell x-ray emission, especially K« radiation, from
targets subjected to ultrashort laser irradiation is widely used
for detection of warm dense matter, plasmas, and shock-
compressed materials [1-3]. Improved brightness for this type
of emission can be achieved by increasing the absorption
rate of hot electrons (HEs) to the laser energy using laser
pulse control [4,5], target surface treatment [6,7], or a suitable
choice of a dense material [8,9]. For foil targets, optimal
foil thickness and HE temperature (or laser intensity under
a certain mechanism of laser-plasma interaction) are required
in order to increase the efficiency of HE energy conversion to
K« x-ray photons [10,11]. Beyond the optimal laser intensity,
experiments showed that the brightness of K« emission does
not increase with the increase of laser intensity [12,13].
Consequently, increased energy of the incident laser does not
resultin increased brightness of K o emission from foils, unless
one increases the focus diameter of the laser, which results in
an increase of the source size.

In this work we propose that a configuration of the target
shape to reduce x-ray losses while maintaining HE transport
within the target would enhance the efficiency of HE energy
conversion to Ko photons and increase the optimal laser
intensity. A solid cone is one of the alternatives, which is
easy to produce and allows repetitious irradiation. Unlike the
reentrant cones introduced in inertial confinement fusion (ICF)
research [14-16], which increase HE temperature and K«
fluorescence through optical guiding of the laser pulse with
intensity higher than 10! W/cm? and produce prominent fast
electron flow at the tip, the solid cones work at lower laser
intensity, about 107 ~ 101 W/cmz, as seen later, and the
number of HEs emitted at the tip is minimized. Therefore, a
solid cone target should be a good substitute for the foil target
as the x-ray source induced by tabletop lasers.

To prove this idea, K o emission from solid cones vs foils is
calculated in this paper. There has been a series of models for
Ko emission calculation [10-12,17]. The ITS Monte Carlo
code is widely used to simulate HE transport and photon
generation [18]. However, all the models are restricted to foil
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targets in which the electric and magnetic fields generated
by HE currents are ignored. ITS 5.0 is capable of simulating
HE transport in targets with complex geometry [19], but a
solid cone target is not considered. In this work a model
for HE transport and Ko emission is introduced, and then
contributions from static electric and magnetic fields generated
in foils and solid cones are discussed.

The paper is organized as follows. In Sec. II, the calculation
model for K o emission of solid cones and foils irradiated under
a femtosecond high-power laser is introduced. In Sec. III,
the results of Ko emission from solid cones and foils are
obtained, and the dependence of K« emission on the shape of
the cone target and the temperature of HEs, or laser intensities
when the absorption mechanism is determined, are studied.
In Sec. 1V, the electric and magnetic fields are estimated and
their contributions to HE transport and Ko« generation are
discussed. Section V is the conclusion.

II. MODELING

For laser-irradiated solids or other materials, when a 1s
vacancy exists due to impact ionization of the atom by high-
energy electrons, there is a possibility for an L-shell 2p electron
or an M-shell 3p electron transiting to the K-shell 1s state,
resulting in K4 radiation or an Auger electron. Similarly, L
radiations are the result of transitions to the L-shell vacancy.
In the manuscript we calculate only K« emission, with the
difference between K, and K,, (corresponding to transitions
2p3;2 — lsand2p;/, — ls,respectively) ignored. The target
is considered to be copper. The focus diameter of the laser
pulse is considered to be d = 20 um, the half duration 7 =
50 fs, and the intensity / is varied from 10> W/cm? to
2 x 10" W/cm?. In the following, we first discuss the HEs
produced during laser-solid interaction and then simulate the
transport of these HEs and calculate the number of K « photons
emitting from the target.

We assume that HEs are generated on the surface over a
spot with diameter d coinciding with the laser focus spot and
that they obey an exponential energy distribution [20-22]

1
F(E) = Texp(—E/Th), )
h
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where E is the HE kinetic energy, and 7}, is the HE temperature
in kiloelectronvolts. When resonance absorption dominates, 7T,
is related to laser intensity 7 as [21,23,24]

12 1/3
107 W cmzu,m2> keV. @

When ponderomotive force dominates, the 7, ~ [ relation
scales as [20]

T) 201+ 122 1/2 1 (3)
=m — ,
h 0¢ 1.37 x 1018 W cm~—2 pum?

where my is the static mass of electron. The direction of HEs
into the target is assumed to be at divergence angle 6 [Fig. 1(a)].
Particle-in-cell (PIC) simulation and the related analysis in
Ref. [25] have shown that the ejecting angle of individual
electrons is 0° for normal incidence of lasers and is in the
range from 0° to the incident angle for oblique incidence, and
the lower energy electrons have a lower ejecting angle. In our
calculation, the results for & = 0° are considered explicitly
and those for 6 = 20° are calculated as a comparison. In the
following, the dependence of K« emission on 7}, is calculated
through simulating the transport of HEs in solid cone targets
compared to that in foil targets, and the dependence of
Ko emission on laser intensity is discussed while resonance
absorption or ponderomotive force dominates.

During transport, the electrons scatter with cold atoms,
losing energy and producing K o emission, which is measured
1 mm from the target center at angle 8 (0° ~ 180°), as is shown
in Fig. 1(a). The detector areais 1 wm?. The cone is divided into
disks of thickness dr, each disk is divided into circles of width
dr, and each circle is divided into arcs of length dr [Fig. 1(b)].
The photon number measured at detector D(x,y,z) produced
by electrons passing through cell S(x,y,z) is calculated as

Th=100<

Nko(S.D) = /Nh(E’S)ngen(E)fem(SvD)dE’ “4)

where N,(E,S) is the number of electrons with energy E
passing through cell S. nge,(E) is the number of K« photons
generated in S by an electron with energy E, which is
determined by the K-shell cross section, cited from Ref. [26],

(a) (b)

hot electrons

FIG. 1. (Color online) (a) Section-plane map of the model. O is
the center of the underside, C is the axis midpoint, T is the cone tip,
OT is the cone height, « is the cone angle, and 6 is the HE divergence
angle. The detector is 1 mm from C and crosses the axis at an angle
B, which is varied from 0° to 180°. (b) Cell divisions in the cone.
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and the fluorescence rate, cited from Ref. [27]. f,,,(S, D) is the
rate of K« photon emission from $ to D, which is determined
by the absorption rate of x ray by the material, cited in Ref. [27].

To calculate N, (E, S), one needs to determine the energy of
HE when transporting through the cell S, i.e., to consider the
energy loss for HEs during transport. The contributions due to
bremsstrahlung radiation as well as collisional ionization and
excitation can be described by the stopping power [28]. The
results are shown in the next section. Besides HE interaction
with the material atoms, the static electric field £ and magnetic
field B produced by the electron current within the target lead
to a return current and impact HE transport. In the calculation
model we ignore the static electric and magnetic fields E and
B, and as a complementarity, the magnitudes of E and B are
discussed in next section.

III. THE RESULTS

The Ko number density ng,(B8) detected at angle B is
calculated as

nka(B) =Y Nka(S,D)/area(D), )
S

where area(D) = 1 pm? and rotational symmetry around the
cone axes is assumed. The results from cones and foils for
HE temperatures of 40, 100, 200, and 300 keV are shown in
Fig. 2, where the total energy of HEs has been normalized
to 1 J. Obviously, K« radiation from cones is emitted over
a wider angle and the photon density is much higher, which
means a higher conversion efficiency from HE energy to K«
photons. Photon emission from cones exhibits a peak at 180°
that is at least twofold higher than the maximum emission at
the foil rear side.

In the following we consider the photon density measured
at 180° and the conversion efficiency €y x of HE energy to K o
radiation, which is calculated as

_ Eka [ nko(B)2msin(B)L*dB
HK = N [ f(E)EdE

, (6)

where N;* is the total number of HEs. To investigate the
dependence of K« emission on the shape of the cone, the cone
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FIG. 2. Ko« photon density per joule of total HE energy measured
at angles from 0° to 180° for different HE temperatures. Cone angle,
5° and height, 200 um; foil thickness, 15 um; HE divergence
angle, 0°.
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angle o was varied from 5° to 45° and the cone height from
50 to 500 um for a HE temperature of 100 keV. The results
in Fig. 3 indicate that ey is higher for cones with a smaller
angle, whereas the photon density at 180° favors a larger cone
angle. This is reasonable because for sharp-angled cones, the
distance the Ko photons travel inside the cone is smaller,
which avails the emission of x-ray photons. However, when the
detector is at 180°, a wide-angle cone permits more photons to
reach the detector. Thus when measuring large-scale targets,
a sharp-angled cone would be better because it produces a
higher number of x-ray photons. When a pointlike x-ray source
is required, a wide-angle cone would be better because the
emission exhibits a peak at the tip side.

According to the results in Fig. 3, only cones with an angle
of 5° need to be considered for investigation of the conversion
efficiency under optimal conditions, and a cone angle of 45°
should be used when K« emission at 180° is investigated.
Figures 4(a) and 4(b) show the dependence of K o emission on
the cone height for different HE temperatures and a divergence
angle of 0°. Results for foils are shown in Figs. 4(c) and 4(d)
for comparison, which is consistent with the analytical model
results [11], just that the target there is considered to be
Ti, not copper. The optimal HE temperature for cones is
higher than that for foils, because the cones decrease the
reabsorption of x-ray photons, leading to higher conversion
efficiency and maximum photon density when a suitable shape
is chosen. The results for electron impact at a cone divergence
angle of 20° [Figs. 5(a) and 5(b)] are lower than those at 0°
[Figs. 4(a) and 4(b)], but they are still higher than those for foils
[Figs. 4(c) and 4(d)].

The conversion efficiency of laser energy to Ko radiation
is calculated as

= EHKfabs» (7)

where N¢. is the total number of K« photons, and fyps is
the absorption efficiency of HEs to the laser energy, which
varies in a wide range according to laser pulse parameters
and the plasma conditions [6,7,20,29,30]. In our calculation,
favs 18 assumed to be 0.3. The results for K« emission
dependence on laser intensity for foils and solid cones are
shown in Fig. 6. The curve for the foil target can be
compared with the particle-in-cell and Monte Carlo (PIC-
MC) calculation in Ref. [10]. The difference comes from
the fact that in Ref. [10] the HE temperature is considered
proportional to 7'/2, and the number of HEs scale with I,
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FIG. 3. (a) Efficiency of conversion from HE energy to Ko
photons and (b) photon density per joule of total HE energy detected
at 180° for cone angles o of 5°, 15°,25°, and 35° and a HE temperature
of 100 keV. HE divergence angle, 0°.
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FIG. 4. (a) Conversion efficiency of HE energy to K« radiation
and (b) photons per joule total HE energy emitted at 180° vs. cone
height for different HE temperatures. The divergence angle of HE
current is 0°. The corresponding results for foils are shown in (c)
and (d).

while in our calculation the 7}, ~ I relation scales as Egs. (2)
and (3).

In summary, the above results indicate that for the HEs
produced by femtosecond lasers, transport in cones would
result in enhanced K« emission compared to foil targets.
The maximum conversion efficiency of laser energy to K«
emission for solid cones is 2 times higher than that for foils.
For 1 J of laser energy, the maximum photon number density
detected at the rear side for solid cones is 3 times higher than
that for foils. Meanwhile, the optimal laser intensity for solid
cones is at least 1 order of magnitude higher than that for
foils. However, the calculation is based on a model in which
the influence of electric and magnetic fields to HE transport
is ignored and the contribution from return current to Ko
emission is neglected. In the next section, the electric and
magnetic fields are estimated and their contribution to HE
transport and K « emission in solid cones and foils is discussed.

IV. CONTRIBUTIONS FROM STATIC ELECTRIC
AND MAGNETIC FIELDS

During HE transport, static electric and magnetic fields are
generated inside the target and at the rear side surface. These
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FIG. 5. (a) Conversion efficiency of HE energy to K« radiation
and (b) photons per joule total HE energy emitted at 180° vs cone
height for different HE temperatures. The divergence angle of HE
current is 20°.
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FIG. 6. (a) Conversion efficiency of laser energy to K o radiation
and (b) photons per joule laser energy emitted at 180° vs laser intensity
for solid cones (black lines) and foils (gray lines) when resonance
absorption (RA) or ponderomotive force (PF) dominates.

fields would affect the HE transport and have contributions to
K« generation [31-33].

Electric and magnetic fields inside the target generated by
the beam of HEs can be estimated according to Ref. [31] as

E =nj.,

9B ®)

at
where 7 is the resistivity of the conductor, determined by
the background temperature, and j. is the current inside the
conductor, which is generated over a time scale of 7y = €y
to balance the HE current j,. For conductors with small
resistivity, 7y is extremely rapid. Assuming a normal incident
electron beam generated by a laser with intensity 7, focus
diameter d, and duration 7, the maximum value of the electric
field can be approximately calculated as [31]

Emax = nfabsI/Th’ (9)

where the HE temperature 7, is the average energy of
relativistic HEs, and the electric force induced by E,.x equals
eEnax- To calculate magnetic field, one needs to consider the
space derivative of j. and 1 according to Eq. (8). The results
in Ref. [31] indicate that the value of the magnetic field is
proportional to the laser duration and that the ratio of the
forces on electrons induced by the electric and magnetic fields

is
2on()(%) )
E ps dj2 c

We estimate the force induced by electric fields only in the
calculation, keeping in mind that the magnetic field increases
with the increase of the electric field. The results for electric
force compared with stopping power are shown in Fig. 7, where
HEs are considered as a monoenergetic beam with energy
T), related to laser intensity / when resonance absorption
(RA) or ponderomotive force (PF) dominates. The resistivity
is considered to be 107% and 10~7 Qm, corresponding to
background temperature of the order of electronvolts and tens
of electronvolts. The background temperature of targets heated
by HEs is hard to measure. In Ref. [34], the temperature of
aluminum irradiated under a 10-J, 150-fs laser is measured
to be 10 eV, corresponding to resistivity 107° Qm [31].
Considering that for a femtosecond laser with total energy
around 1 J, the HEs generated would have a total energy

=-V x njcs

(10)
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FIG. 7. Electric force (dashed lines for 7 = 10~ Qm, dotted lines
for n = 1077 Qm) compared to stopping power (solid line) when
resonant absorption (RA) or ponderomotive force (PF) dominates.

much lower, the temperature of background heated by HEs
would therefore be lower. Besides, the resistivity of copper
is smaller than aluminum. We consider the resistivity of the
copper background as larger than 10~7 Qm but much lower
than ~ 10~® Qm. Upon comparing Fig. 7 with Fig. 6, it is
easy to see that for foils, the electric field is not a major effect
when optimal condition of laser intensity is considered. For
solid cones, the optimal laser intensity for total efficiency is
10'7 W/cm? when resonance absorption dominates, and the
static electric forces do not play a central role. However, when
ponderomotive force dominates or when the optimal condition
for x-ray intensity at the rear side is considered, the static
electric fields become important.

The static electric field inside the target would accelerate
background electrons and produce a return current directed to
the underside of the cone. For a laser pulse with half duration
50 fs, the HE beam would be generated within 100 fs. For HEs
with temperatures of 100 keV, the major part of the beam has
a length of approximately 20 pm. The reflected electrons have
an energy of

Erel = €0 + f fe(t) - bdt, (11)

where f £ 1s the electric force induced by HE current, and ¢ is
the initial energy of the electron, which can be assumed to be
neglectable. In approximation, the value of e.q is calculated
as fg x 20 um, which equals 20 keV if fr = 1 keV/um (as
high as the stopping power) corresponds to the optimal electron
energy for K-shell impact ionization. Therefore, although the
present of static electric and magnetic fields reduces the energy
of HEs and the efficiency of K« generation as indicated in
Ref. [32], the electrons accelerated by the electric fields have a
contribution to K  x-ray generation and increase the efficiency
of Ka generation. As the accelerated electrons have energy
around 20 keV, a proper control of HE transport would result
in further improvement of Ko emission.

For reflected electrons with energy 20keV generated 10 um
away from the target surface, it needs a time of 100 fs to reach
the underside of the cone. So only the reflexing generated
nearer than 10 um away from the target surface would be
concerned with laser-plasma interaction. HE production can
be considered to be unaltered by the return current.

Now we discuss the electric fields at the surface of the target.
For foils, electric fields at the rear side surface are generated by
spray of energetic electrons, i.e., high-energy electrons with
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energy larger than 1 MeV [35,36]. A reflexing induced by that
electric field would be concerned with surface laser-plasma
interaction. However, for solid cones with a height several
hundreds of micrometers, it take a longer time for energetic
electrons generated at the underside of the cone to reach the
cone surface and the electron energy is reduced by the stopping
power. Meanwhile, the density of energetic electrons at the
surface of a solid cone is much smaller than that at the rear
surface of foils. Thereby, the electric fields at the surface of a
solid cone would be much smaller and the reflexing would be
much weaker, and it takes a much longer time than the duration
of the laser for the reflexing to reach the underside of the
cone. Therefore, no reflexing is concerned with laser-plasma
interaction for femtosecond laser irradiation of solid cone
targets. However, a prominent electric field would be generated
at the cone tip, which would prevent energetic electrons from
leaving the cone but cause an acceleration of ions. To prevent
ion acceleration, one can cut off the tip of the cone.

V. CONCLUSION

In this work, the possibility of improving Ko« emission
through femtosecond laser irradiation of a solid cone target is
studied theoretically. According to the model for HE transport
and Ko generation, where contributions from static electric
and magnetic fields in the target have been ignored, solid cones

PHYSICAL REVIEW E 83, 046404 (2011)

have an advantage over foils from which the K« photons
emit in a wider space angle, the conversion efficiency from
electron energy to Ko X ray energy is much larger, and
the optimal laser intensity is much higher. Therefore, the
maximum Ko emission one could obtain from solid cone
targets would be several times higher than that from foil
targets. Based on an approximate estimation, the electric and
magnetic fields generated by HEs in solid cones is discussed.
When resonance absorption dominates during laser-plasma
interaction, the static electric fields inside the target do not
play an important role. When the laser intensity is further
increased or when ponderomotive force dominates, the static
electric fields become important. Return current accelerated
by the inside static electric fields and the reflexing generated
by spray of energetic electrons would have a contribution to
Ko generation. An explicit calculation of the contributions
from static electric and magnetic fields would give us further
understanding of HE transport and K« emission from solid
cones.
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