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Experimental results showing hot electron penetration into Cu wires using K� fluorescence imaging
are presented. A 500 J, 1 ps laser was focused at f /3 into hollow aluminum cones joined at their tip
to Cu wires of diameters from 10 to 40 �m. Comparison of the axially diminishing absolute
intensity of Cu K� with modeling shows that the penetration of the electrons is consistent with one
dimensional Ohmic potential limited transport. The laser coupling efficiency to electron energy
within the wire is shown to be proportional to the cross sectional area of the wire, reaching 15% for
40 �m wires. Further, we find the hot electron temperature within the wire to be about 750 keV. The
relevance of these data to cone coupled fast ignition is discussed. © 2009 American Institute of
Physics. �DOI: 10.1063/1.3076142�

Fast ignition �FI� �Ref. 1� is a form of inertial confined
fusion2 that proposes to ignite a precompressed deuterium-
tritium �DT� target by the use of a separate high intensity
short pulse laser. Current designs call for the laser to be
focused close to the compressed core via a hollow cone em-
bedded within the target. Previous experiments3,4 have al-
ready shown that a hollow gold �Au� cone, despite involving
complex physics, can provide a path through the low density
plasma of an imploded capsule permitting hot electrons gen-
erated at the cone tip to heat efficiently the compressed
plasma in small scale integrated tests of FI. Up to 20% cou-
pling efficiency of laser energy transferred to thermal energy
in the compressed plasma has been reported. This overall
coupling efficiency determines the short pulse laser energy
required for FI, but only in Ref. 4 quantitative data has been
reported using imploded shells.

Wires attached to cones have been used to study the
laser-plasma component of the overall coupling efficiency:
the wire serves to collimate and guide the hot electron cur-
rent for convenient detection and characterization of their
number and temperature. Although the plasma temperature
and densities in an integrated FI experiment5 will be signifi-
cantly different than those in a wire,6 cone-wire experiments
can help elucidate the physics of high intensity laser-plasma
energy coupling.

In this letter, results from recent cone-wire experiments
are presented. We observed the K� intensity distribution in
the wire and used a one dimensional �1D� model to analyze

the distribution that depends on two parameters: the laser-to-
wire energy coupling efficiency and the average value of
Thot. The “best fit” parameters indicate that up to 15% of the
laser energy is coupled from an aluminum cone to a 40 �m
diameter wire, and that the hot electron temperature in the
wire is approximately 750 keV, less than that predicted by
conventional ponderomotive scaling.7 We discuss the appli-
cability of a simplified 1D fluid model for extraction of these
parameters and note the connection to recent experimental
results and computer modeling.

Experiments were performed at the Vulcan petawatt la-
ser facility8 at the Rutherford Appleton Laboratory in the
UK. Nd:glass �1053 nm� chirped pulse amplification �CPA�
laser pulses were focused by an f /3 off-axis parabolic mirror
into 1 mm long, 30° full angle, hollow Al cones �see Fig.
1�a��. The average values of on-target laser energy and pulse
duration were 345�51 J and 1 ps. The laser focal spot pat-
tern had a central peak of �7 �m full width at half maxi-
mum containing �30% of the energy giving peak intensity
of 2.7�1020 W cm−2. The wall thickness of the cone was
10 �m with a tip thickness and diameter of 5 and 30 �m,
respectively. Glued to the tips of these cones were 1 mm long
Cu wires with diameters of 10, 20, and 40 �m. Cu K� emis-
sion from the wires was imaged with a Bragg reflection crys-
tal imager9 consisting of a 1.6 cm apertured SiO2 2131
quartz crystal bent to a radius of 38 cm. The image was
reflected at 1.3° off axis and with 15� magnification onto
Fujifilm BAS-SR2040 image plates. The view angle was in
the horizontal plane at 29.4° from the cone-wire axis. The
astigmatism, spherical aberrations, and spherical bending im-a�Author to whom correspondence should be addressed.
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perfections limited the resolution of these images to approxi-
mately 20 �m. Two other Cu K� diagnostics were em-
ployed for each shot: a highly oriented pyrolytic graphite
�HOPG� crystal spectrometer10 and a single hit charge
coupled device spectrometer �SHCCD�.11 Both spectrom-
eters were tuned to a range of photon energies centered on
the Cu K� energy �8.05 keV�. At a rear view angle of �52°
from the wire axis, the HOPG crystal Bragg reflected x rays
onto a Fujifilm BAS-SR2040 image plate. The HOPG spec-
tral bandwidth was limited to �3.5 keV by the length of
exposed image plate. The details of the HOPG spectrometer
can be found in Ref. 10. The single hit spectrometer con-
sisted of a 2048�2048 pixel, 16 bit, back-thinned, exter-
nally cooled Spectral Instruments Series 800 CCD with a
pixel size of 13.5 �m. The CCD chip was positioned 380
cm from the target chamber center with a front view at 29.8°
to the cone-wire axis. Spectra were recorded through a
150 �m Cu filter to ensure single photon counting.

Figure 1 shows examples of the K� images for all three
wire diameters �40, 20, and 10 �m�: All such images are
typified by an approximately exponential fall off of intensity
with about 100 �m scale length from the cone, with a slight
increase in emission at the very end of the wire. Absolute K�
intensity emission profiles along the wires were found by
combining the data from the imager, the SHCCD, and the
HOPG spectrometer and by applying sight-line corrections
for opacity. The digitized K� images were integrated trans-
verse to the wire axis to generate vertically integrated axial
intensity profiles with a typical relative intensity measure-
ment error of �4%. Histograms from the SHCCD exposures
were analyzed to provide the number of pixels singly hit by
K� photons. By accounting for the CCD quantum efficiency,
CCD single hit probability, filter attenuation, and solid angle
subtended by the detecting surface, the total Cu K� /sr emit-
ted in the direction of the single hit CCD was found for each
shot. There is a significant statistical error of �50% on these
absolute yields and we estimate in addition an absolute ac-
curacy error of �50%.12

The relative K� line intensities were obtained from the

HOPG spectra by first averaging spectral lines in the spatial
direction and then subtracting the background and integrat-
ing the digitized image counts in the dispersive direction
with a typical measuring error of �6%. A model for opacity
correction of Cu K� emitted from a solid copper wire was
developed assuming the Cu K� emission energy density
within the wire to be radially constant and axially exponen-
tial. Opacity correction factors for the imager, HOPG, and
SHCCD lines of sight were computed. Axial profile correc-
tion factors were derived for application to the experimen-
tally determined K� image profiles and also integrated cor-
rections for the total K� yield from the HOPG and SHCCD.
Because the scale length for absorption of Cu K� in Cu is
�25 �m, the opacity correction factors were small for the
10 �m wire �1.4� and substantially larger �up to 3.3� for the
40 �m wire.

The HOPG was absolutely calibrated by reference to the
SHCCD measurements. An accurate HOPG calibration con-
stant could be determined, in spite of the relatively large
SHCCD statistical errors, from the slope of a weighted least-
squares linear fit of SHCCD versus HOPG yields. �Specifi-
cally, with an uncertainty in the fitted slope of 33%, a statis-
tical uncertainty in a single HOPG measurement of 6%, the
resulting statistical uncertainty in a calibrated HOPG yield is
33.5%.� Next, an absolute scaling factor for the measured
image intensity was determined as the slope of a weighted
linear fit of calibrated HOPG yields versus integrated imager
counts. We estimate that this scaling factor has a statistical
error of 20%, but an absolute accuracy error of 50%. The
experimental profiles were scaled to give axially resolved
profiles of K� �sr /�m�. The opacity-corrected K� �sr /�m�
profile of the 40 �m diameter wire is shown in Fig. 2.

We modeled the hot electron transport using a 1D imple-
mentation of a previously developed two dimensional nu-
merical code,13 which in turn is similar to, but not as com-
plete as, that described by Davies.14 In this analysis, we are
seeking an estimate of the laser energy coupling efficiency
into the wire, as well as the self-consistent effective hot elec-
tron temperature. We used 1D for simplicity of analysis, fully

FIG. 1. �a� Picture of a typical target: �1 mm long Cu wire attached to Al
cone. Cu K� images of �b� 40 �m, �c� 20 �m, and �d� 10 �m diameter wire
viewed at 29.4° from the wire axis. The aluminum cone is not visible in the
images as it does not emit Cu K�.

FIG. 2. Experimental and 1D numerically modeled profiles of K� �sr/µm� vs
wire length for the 40 µm diameter wire. The reduced model plot is fitted to
the experimental data. The absolute model plot is inferred from the reduced
model plot via correction for the temperature dependence of the imager
efficiency, as discussed in text.
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aware that our analysis treats the electrons as fluids �thus
ignoring the complex motion of the electrons along the wire
due to B fields, for example�. The simulation starts by as-
suming a Maxwell–Boltzmann distribution of hot electrons
injected axially into the wire: the code then calculates, in
small increments along the wire from the injection point, the
conversion of electron kinetic energy to heat, as well as to
K�, and bremsstrahlung emission assuming binary interac-
tions along a straight line path. The simulation requires that
the fast electron current is compensated by a cold electron
return current; this cold electron current contributes to the
heating of the wire through �I2R� Ohmic loses, as well as
creating an �IR� potential that serves to hinder the axial pen-
etration of the hot electrons along the wire. Note that the
temperature of the wire was not independently measured but
rather computed in each time interval along the wire using
the calculated spatial energy density and the published
SESAME tabular equation of state.15 The numerical code
generated absolute K� axial emission profiles along the wire
as well as axial energy density and temperature profiles. The
laser-to-wire coupling efficiency � and the average initial
electron temperature Thot were used as free parameters to fit
the exponential scale length and absolute intensity of the
observed data.

In our model, the resistivity of the wire is approximated
as a constant �10−6 � m� for wire temperatures up to 100
eV, then following a Spitzer scaling for greater temperatures.
While this is a fair approximation for the temperature depen-
dence of copper resistivity above 10 eV, between room tem-
perature and 10 eV the resistivity of copper increases from
approximately 5�10−8 � m to the plateau value of
10−6 � m. However, we found that our model simulations of
the K� yield and the fitted parameters were quite insensitive
to the temperature dependence of the resistivity assumed for
less than 10 eV. This is reasonable in that our simulation
correctly predicts that there is a pronounced dominance of
fast electron collisional heating over Ohmic heating of the
return current in the early time portion of the injected cur-
rent. The collisional heating yields a fast rise in the calcu-
lated temperature of the wire to values in excess of 10 eV.
Thus the simulation of the K� total yield and axial distribu-
tion is expected to be largely independent of the resistivity of
copper below 10 eV.

To achieve accurate comparison with the experimental
Cu K� profiles, we accounted explicitly for the temperature-
dependent efficiency of the Cu K� recording diagnostic. In
previous work, we have shown that with increasing tempera-
ture of the target, the Cu K� emission line shifts and
broadens.13 At temperatures reached in this work, the emis-
sion line shifts and spreads beyond the crystal bandwidth,
reducing the collection efficiency of the imager. This behav-
ior was computed in the numerical code as a reduction in the
detected K� emission as a function of the time-varying tem-
perature using correction factors computed from the atomic
spectroscopy code FLYCHK.

Figure 2 shows both the results of the numerical code
simulations of the axial K� intensity profiles for what is
recorded by the temperature-dependent K� imaging system,
as well as the absolute �corrected for the diagnostic response�

yield. They are plotted together with the experimental profile
for the 40 �m diameter wire. The experimental profiles
were modified with a blurring to account for the limited spa-
tial resolution at the oblique view angle. The experimental
axial emissions were scaled so that the integral of the re-
corded emission images �corrected for the temperature-
dependent efficiency� equaled the total absolute K� yield as
determined by techniques described above. Using � and Thot

as the free parameters, the numerical model was fitted to the
corrected data, yielding the results shown in Table I. Not
accounted for in our numerical modeling is the observed K�

enhancement at the end of the wire, an artifact most likely
the result of electron refluxing, possibly associated with
longer scale length surface transport.16

The computed model profiles were also compared to
those from an analytical 1D resistive transport model,16

which is based on the requirement that the thermal return
current density be everywhere equal and opposite to the hot
electron current density. In this analytical model, hot electron
collisional losses are neglected and the conductivity is con-
stant at the plateau value of 106 �−1 m−1. In Table I, the
predicted K� intensity scale lengths are compared with K�
image scale lengths measured in the experiment. Also shown
are the electron density scale lengths from the analytical
model �where we used the same injected electron beam in-
tensity and temperature found from the fitting of our numeri-
cal model to the experimental profiles�. The numerical model
scale length is in good agreement with that predicted by the
analytical model, as well as reasonably reproducing the ex-
perimental results.

With the on-target laser energy relatively constant in the
experiment �345�51 J� and constant in the modeling �345
J�, it is not expected that our fitted values for Thot should vary
much from shot to shot. This is found in the fits where Thot

varies only �8% from an average of 670 keV �see Table I�.
The magnitude of the fitted Thot �750 keV�, which is

much lower than the value derived from the ponderomotive
potential associated with the peak intensity of 2.7
�1020 W /cm2 �6.7 MeV�, is a result of forcing our numeri-
cal model to fit its parameters to a Maxwell–Boltzmann
single temperature distribution �note that small differences in
hot electron temperature for three diameter wires are not sig-
nificant�. As succinctly pointed out by Davies,14 while there

TABLE I. Comparison of experimental data with transport model results.

Wire diameter ��m� 40 20 10

Electron temperature Thot �keV�
�from numerical model fit to data� 750�50 650�50 600�50

Coupling efficiency, �
�from numerical model fit to data� 15% 5% 1%

Peak intensity �K�� �sr /�m�
�proportional to hot electron current� 7.2�10−5 1.5�10−5 4.5�10−6

Peak intensity/area �K�� �sr /�m cm2�
�proportional to hot electron
current density� 2.7 2.3 2.7

Scale-length ��m� experimental 124 126 63

Scale-length ��m� numerical 97 81 71

Scale-length ��m� analytical 141 88 73
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is only modest justification for assuming an analytical
“single temperature” electron distribution within materials
under these large current conditions, this fitting procedure
does give an indication of the mean electron energy. We
hasten to observe that this number, which comes from a nu-
merical fit to an electron distribution within the material, is
not expected to correlate in any simple manner to measure-
ments of electron distributions measured outside of the tar-
gets with electron spectrometers in vacuum �cf. results in
Ref. 17�.

The low value of the Thot, extracted in the fitting proce-
dure described above, suggests that the mean energy of the
injected electrons in the material at these very high peak
intensities is substantially less than one might have expected
from application of conventional ponderomotive scaling. Re-
cent particle in cell modeling18 has suggested that at these
very high intensities light pressure may steepen the density
profile and dramatically reduce the relative number of highly
energetic electrons compared to those at or near 1 MeV. The
origin of this reduction in hot electron energy at high inten-
sities can be seen in recent analytical models19 in which elec-
trons in the plasma at the critical density surface are driven
by the intense electromagnetic fields into the dense plasma to
a point well beyond the penetration depth of the light, a
lower hot electron temperature is expected. If the Thot value
for the generated electron distribution obtained in the mod-
eling of our K� distribution is representative of this depar-
ture from ponderomotive scaling, it may help explain the
high efficiency of coupling to the imploded plasma in the
first FI experiments.3

Finally, the electron conversion efficiency ��� derived
from our fitting of the K� distribution is found to scale ap-
proximately as the cross sectional area of the wire. Conse-
quently the model predicted peak temperatures due to heat-
ing by the electrons are similar �99, 86, and 96 eV� for 40,
20, and 10 �m diameter, respectively. Since a diameter of
40 �m is similar to the required ignition hot spot diameter
in FI, our derived value of 15% coupling of the laser energy
to this diameter is a rough estimation of the upper limit cou-
pling efficiency via a cone to the ignition hot spot. We note
that 15% is close to the 20 % coupling reported in the first
integrated FI experiments3 but our conclusion that the cone-
wire coupling is proportional to wire area, and that only
about 1% couples to a 10 �m wire is in apparent contradic-
tion with the calculation of 6% coupling via a cone to a
5 �m carbon fiber.6 Our laser-wire coupling values appear
not to be consistent with the results of Baton et al.,20 where
poor coupling into the flat foil attached to a cone has been
observed for 1 �m light. This may be a result of quite dif-
ferent refluxing conditions for the two measurements, and
efforts to quantify these differences have begun.21
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