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Abstract. With the addition of recent PW shots, the propagation of short-pulse laser generated electron
beams have been studied using laser pulse energies from 30 J to 300 J, generating currents up to ∼15 MA in
solid Al:Cu targets. This is ∼5% of the current that will be required in an ignition pulse. To this level, the
current appears to simply scale with laser power, the propagation spread not change at all. The resistance of
the aluminum does not seem to play a role in the propagation characteristics, though it might in setting the
current starting parameters. We do ﬁnd that at the highest currents parts of these targets reach temperatures
high enough to modify the Cu-K emission spectrum rendering our Bragg imaging mirrors ineffective;
spectrometers will be needed to collect data at these higher temperatures.

1. INTRODUCTION
A fast ignition target, after being compressed, is ignited with a short pulse of energy sufﬁcient to raise
the temperature of a minimum volume (R∼0.5) to ∼10 keV [1]. For fuel with  ∼ 200/cc that requires
∼40 kJ of energy deposited in ∼15 ps, or ∼200 MA of 1 MeV electrons. A number of experiments have
shown that the conversion efﬁciency of short-pulse light to energetic electrons is ∼30% [2, 3], so that
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current requires ∼120 kJ/15 ps = 8 kJ/ps. The best lasers available at present can deliver ∼300 J/1 ps
giving ∼5% of the required current.
Recently completed 300 J, 1 ps shots on the Vulcan PW laser at the Rutherford Appleton Lab have
been combined with previous electron propagation investigations using ∼30 and 100 J laser pulses [4]
to consider the scaling of electron propagation with increasing current. Over this range, we ﬁnd that
the current scales with laser energy, and the beam spread is independent of it. We also ﬁnd that at these
high energies the targets are reaching sufﬁciently high temperatures, especially on the laser side, as to
render our Bragg imaging mirrors ineffective. We have therefore ﬁelded high-resolution spectrometers
as alternative (non-imaging) detectors.

2. EXPERIMENTAL SETUP
Current propagation was observed by using a Bragg mirror to image K ﬂuorescence from a Cu ﬂuor into
an x-ray ccd camera. Three geometries were used (Fig. 1): 1) a ∼20 m thick Cu layer buried at various
distances from the laser-plasma interface and viewed through the back surface as described in [4]. 2) an
Al:Cu alloy slab that was illuminated from a thin face, ∼50 m from one edge and viewed from the side,
and 3) a 20 m diameter Cu wire coupled to the laser through a hollow Al cone.

Figure 1. Experimental setup for transport experiments. (a) Aluminum slab with a buried 20 m thick Cu layer
viewed from the side away from the laser, (b) Al:Cu alloy viewed from the side, (c) 20 m diameter Cu wire at the
tip of an aluminum cone.

2.1 Buried layer slab geometry
Images from the slab geometry give the cross-section of the propagating electron beam at speciﬁc
distances. The diameters obtained from the recent 300 J experiments are in excellent agreement with the
previously published results from the lower energy shots [Fig. 2(a)]. The integrated intensity from these
targets (normalized to laser energy) is also in good agreement [Fig. 2(b)], except for the thinnest target,
which shows even less ﬂuorescence than observed for more deeply buried Cu layers.
We expect that is a consequence of the narrow reﬂection bandwidth of the Bragg mirror, missing the
emission band from the hot plasma. A FLYCHK [5] calculation of the expected emission and consequent
detection efﬁciency as a function of temperature is shown in Fig. 3. The ∼3 eV bandwidth of the Bragg
imaging mirror is the vertical line centered on one of the peaks of the cold Cu K emission. As the
temperature rises above ∼10 eV, and the Cu ionizes, this line is replaced with emissions outside the
reﬂection bandwidth and the ﬂuorescence detection efﬁciency drops by an order of magnitude. Assuming
that the 300 J pulse on the 20 m thick Cu target raises the local temperature above 100 eV resolves the
contradiction with the data from the more deeply buried layers, and leads to the conclusion that the
normalize current from the 300 J pulse is about the same as from the 70 J pulse.
The propagation distance of these laser-generated electrons, measured by plotting the maximum
intensity as a function of Cu layer depth, showed a 1/e distance of ∼70 m.
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Figure 2. (a) FWHM spot diameter as a function of propagation distance in aluminum for 30 J (LULI - •), 100 J
(RAL –  & 5’s), and 300 J (RAL – ). b) Integrated K ﬂuorescence intensity normalized to laser pulse energy as
a function of the fraction of Cu in the target for 70 J () and 300 J () shots.

Figure 3. (a) A FLYCHK calculation of the K ﬂuorescence emission spectrum as a function of temperature. The
vertical line shows the reﬂectance band of the Bragg mirror used to image the ﬂuorescence emission. (b) shows the
detection efﬁciency of that mirror as a function of temperature.

2.2 Alloy slab geometry
The buried layer geometry discussed in Section 2.1 gives only one data point per experiment; shot-to-shot
variations in the experiment (laser, target, diagnostic) add to the measurement noise. A side view of a Cu
alloy slab [Fig. 4(a)] gives a view of the e beam propagation over its entire distance in one shot. The view
one gets is analogous to that of the light from a passing car headlight on a foggy night. A very foggy
night; the 1/e depth for ﬂuorescence emission is only ∼50 m. As a result the camera detects a thin slice
of the expanding beam. Correcting for that expansion [Fig. 4(b)], one ﬁnds a mfp of ∼70 m, as in the
buried layer geometry.

2.3 Cone wire geometry
The cone-wire geometry shown in Fig. 1(c) gives yet another view of the electron propagation [Fig. 5(a)].
The hollow cone intercepts the entire laser beam and perhaps concentrates the resulting electron ﬂux
into a narrower area [6]. Electrons in the wire are then conﬁned by electrostatic ﬁelds to a constant
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Figure 4. (a) Cu-K emission from the side of a Cu0.4Al0.6 alloy slab (edges indicated with white lines, laser focus
with a red cone). (b) Fluorescence intensity as a function of distance from the laser along the slab surface as measured
and corrected for expansion away from the surface. The corrected 1/e decay length is ∼70 m.

Figure 5. (a) Cu-K emission from the indicated region of a 20 m diameter wire in the end of an Al cone. The
exponential decay has a 1/e length of ∼100 m. (b) Normalized K ﬂuorescence intensity from the Cu wire (triangle)
compared to earlier data from buried slab geometry [4].

∼20 m diameter. It appears that the normalized currents are very similar to that from the buried layer
data [Fig. 5(b)]. The slight difference in slope (1/e length ∼70, 100 m for the slab and wire, respectively)
is explained by the lack of spreading in the wire.
3. DISCUSSION
Although the current density carried by the wire, as measured by the maximum K intensity is the same
in the slab, the fraction of the laser energy it carries is considerably reduced (∼16×) because of the
smaller diameter of the wire—closer to 2% than 30%; the current seems to be stopped in the cone rather
than squeezing into the wire. This effect is in addition to any bottle-neck at the laser plasma interface
[hinted at by the steep drop-off in the ﬁrst few points of Fig. 5(a)]. Rather this limitation could be related
to the reactive electric ﬁelds caused by large electrical resistance (∼2 × 10−6 -m at 40 eV) of the
aluminum [7]. The energetic electron current generated by the laser pulse (∼10 MA from a 300 J pulse),
although itself collisionless, is necessarily matched by a return current produced from the (relatively) cold
plasma electrons. The potential driving that return current impedes the fast electrons (with distribution
temperatures 300–800 eV [8]) and at high current densities that potential could completely stop the fast
electrons. Figure 6 shows the expected ﬁelds and currents as a function of depth assuming Al resistance
2 × 10−6 -m, ion temperature 600 eV, and conversion efﬁciency 30%. For the conditions as observed
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Figure 6. Calculated electron current and reactive potential as a function of penetration depth for (a) initial diameter
and spreading in buried layer experiments, (b) the same current pushed into a wire with no spreading allowed, and
c) the observed current traveling down a wire.

in the buried layer experiments, in which the current starts at 80 m diameter and spreads at a 40◦ angle,
the impeding potential is only a small fraction of the typical electron energy (∼1 MeV), so very little
current is lost in that case [Fig. 6(a)]. However, putting that same current into a 20 m diameter wire,
and not allowing any spread produces reactive ﬁelds that stop most of the electron current in ∼ 10 m
[Fig. 6(b)]. Matching the current density rather than the current results in potential ﬁelds that are again
small [Fig. 6(c)].
The point of this analysis is just that understanding propagation in these shapes will require detailed
understanding of the interaction of ﬁelds and currents in the region near the laser-plasma interface. By
the time the diagnostics discussed here come to bear, such ﬁelds seem to be insigniﬁcant and, as observed
earlier [4] a ﬁeld-free Monte-Carlo model describes the propagation very well; the important ﬁeld effects
seem to be encapsulated in the heuristic rules used to generate the electrons. We can say from this analysis
that those rules are not dependent on total pulse energy at least up to the level so far investigated. The
normalized current, the propagation geometry (initial diameter and spreading angle) and the propagation
length all remain constant over this range.

4. SUMMARY
With the addition of recent PW shots, the propagation of short-pulse laser generated electron beams have
been studied using laser pulse energies from 30 J to 300 J, generating currents up to ∼15 MA in solid
Al:Cu targets. This is ∼5% of the current that will be required in an ignition pulse. To this level, the
current appears to simply scale with laser power, the propagation spread not change at all. The resistance
of the aluminum does not seem to play a role in the propagation characteristics, though it might in
setting the current starting parameters. We do ﬁnd that at the highest currents parts of these targets reach
temperatures high enough to modify the Cu-K emission spectrum rendering our Bragg imaging mirrors
ineffective; spectrometers will be needed to collect data at these higher temperatures.
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