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Abstract. The application of fast pulse, high intensity lasers to drive low cost DT point neutron

sources for fusion materials testing at high flux/fluence is investigated. At present, high power bench-

top lasers with intensities of 1018 W/cm2 are routinely employed and systems capable of ≥1021 W/cm2

are becoming available. These potentially offer sufficient energy density for efficient neutron production

in DT targets with dimensions of around 100 µm. Two different target concepts are analysed — a

hot ion, beam–target system and an exploding pusher target system — and neutron emission rates

are evaluated as a function of laser and target conditions. Compared with conventional beam–target

neutron sources with steady state liquid cooling, the driver energy here is removed by sacrificial

vaporization of a small target spot. The resulting small source volumes offer the potential for a

low cost, high flux source of 14 MeV neutrons at close coupled, micro (≤1 mm) test specimens. In

particular, it is shown that a laser driven target with ∼100 J/pulse at 100 Hz (i.e. ∼10 kW average

power) and laser irradiances in the range Iλ2 ∼ 1017−1019 W µm2/cm2 could produce primary,

uncollided neutron fluxes at the test specimen in the 1014−1015 n cm−2 s−2 range. While focusing on

the laser–plasma interaction physics and resulting neutron production, the materials science required

to validate computational damage models utilizing ≥100 dpa irradiation of such specimens is also

examined; this may provide a multiscale predictive capability for the behaviour of engineering scale

components in fusion reactor applications.

1. Introduction

The last ten years or so have witnessed a rapid
expansion in the field of short pulse, high inten-
sity lasers [1, 2]. Pulse lengths have fallen from tens
of picoseconds in the mid-1980s to state of the art
∼10 fs today. The ability to generate light pulses
three orders of magnitude shorter means that, for
the same energy and the same approximate cost,
intensities have increased by the same factor. Thus
today intensities of 1018 W/cm2 are routinely avail-
able from bench-top lasers and systems capable of
∼1021 W/cm2 are now starting to come on-line. In
particular, access to high temperature states of mat-
ter capable of thermonuclear fusion and/or the effi-
cient production of hot ions for beam–target fusion is
now within reach using small scale, bench-top lasers.

In this paper, we investigate the prospects for
utilizing such intense, bench-top scale laser systems

to drive low cost, intense 14 MeV DT neutron sources
with either fast-ion-driven micro-targets or explod-
ing pusher targets. Such targets permit the close
positioning of small (∼1 mm) micro test specimens
of fusion relevant materials (e.g., ferritic steel, vana-
dium alloy, carbon, silicon carbide) and the potential
for obtaining neutron fluxes around 1015 n cm−2 s−1.
A complementary materials science and computa-
tional modelling programme could then validate
damage models for materials lifetimes ≥100 dpa and
provide a multiscale predictive capability for the
extrapolated behaviour of engineering scale compo-
nents. Such a coupled irradiation–computation pro-
gramme might partially compensate for the absence
of large scale testing with high fluence, volumetric
fusion plasmas.

The irradiation environment of DT fusion reac-
tors, both inertial and magnetic, consists of 14.1 MeV
neutrons plus a large fraction (∼80% at the first
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wall surface) of lower energy, collided neutrons. For
a neutron wall load, i.e. neutron power flux, at the
first wall of, say, 5 MW m−2, the primary, uncol-
lided neutron current is 2.2 × 1014 n cm−2 s−1 and
the total flux is in excess of 1015 n cm−2 s−1. In
magnetic fusion reactors with solid walls and iner-
tial fusion reactors with thin wetted walls guided
by solid or compliant structures, significant dam-
age will be sustained. A number of specific reactions
result from such neutron interactions including
hydrogen and helium production, atomic displace-
ments and transmutations [3, 4]. Detrimental conse-
quences include changes in thermophysical and ther-
momechanical properties, swelling, embrittlement,
creep and sintering. End of life damage limits are
estimated to be around 100–200 dpa for candi-
date structural metals and in the range 10–50 dpa
for non-metals such as ceramics and composites
[3–5]. These correspond to primary neutron flu-
ences, i.e. time integrated currents, of approximately
10–20 MW a/m2 (≈(1.4−2.8) × 1022 n cm−2) and
1–5 MW a/m2 (≈(1.4−7) × 1021 n cm−2), respec-
tively. Thus damage due to neutrons is a crucial
factor in determining design limits and predicted
lifetimes for fusion structural and blanket materi-
als. Of course, the cost of obtaining such materials
damage data is an important issue, especially where
14 MeV DT neutrons are concerned. Minimizing the
source volume is one way to reduce cost through
significantly lower drive requirements and tritium
inventories.

Point neutron sources offer an attractive option
for materials irradiation testing because of their sim-
plicity, easy access and relatively low cost. From the
descriptions above, the desired characteristics of such
sources are:

(a) Capability of producing high damage rates
in the range 20–100 dpa/a, corresponding to pri-
mary, uncollided neutron currents of ∼(1–4) ×
1014 n cm−2 s−1 (i.e. ∼2–10 MW m−2 for DT
neutrons).

(b) Small neutron source volume for low cost. A
test specimen cannot be placed closer than a dis-
tance determined by the emitting volume plus the
heat removal hardware.

(c) A neutron source energy which provides a
damage spectrum similar to that of a DT fusion reac-
tor; this implies that a 14 MeV DT neutron source
is highly desirable.

(d) High availability over extended periods of
time.

2. System overview

Figure 1 shows our concept of a laser driven
neutron source. Laser energies of around 100–
1000 J/pulse at repetition rates of ∼10–100 Hz
(i.e. average powers of ∼10 kW) will be required
to yield primary uncollided neutron currents
≥1014−1015 n cm−2 s−1 at material specimens
mounted with stand-off distances of the order of mil-
limetres from the target midpoint. These parameters
together with requirements for laser pulse duration,
focal spot and irradiance Iλ2 will be discussed in
detail. Neutron producing targets of a few tens of
micrometres diameter are mounted ∼1–10 cm apart
on a continuous foil strip which moves each target
into the firing position at speeds of ∼0.1–10 m/s.
Three target options have been studied and will be
described below. A sacrificial foil debris shield mov-
ing with the targets protects the material test spec-
imen matrix which is coupled as closely as running
clearances permit, i.e. about ≤0.2 cm from the front
face of the specimen to the centre of the neutron pro-
duction volume. The material test specimens have
typical dimensions of ∼1 mm. As noted above, the
first wall environment of a DT fusion reactor consists
of an appreciable fraction of lower energy, backscat-
tered neutrons together with the 14.1 MeV peak. The
damage characteristics of the first wall and blanket
materials are then a convolution over this composite
spectrum. Accordingly, careful design of the neutron
shield surrounding the target area shown in Fig. 1
together with its material zoning will be important
to simulate the expected spectral conditions at a
typical fusion reactor first wall.

A possible alternative to the continuous target
strip is to inject the targets in a manner similar
to that envisaged for inertial confinement fusion
reactors [6]. However, this option would need careful
attention to injection geometry and positioning
jitter to minimize target–specimen stand-off
distances, otherwise neutron fluxes at the specimen
will be significantly reduced. Moreover, a fixed
debris shield would be required, thus increasing
source–specimen distances. In general, therefore,
the feasibility of individual target injection appears
questionable compared with the continuous strip
approach.

In Table 1, we compare the main features of this
laser driven scheme with other candidate neutron
sources for fusion materials testing. Some, like the
subject of this article, are in the conceptual stage
while others have seen considerable prior use.
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Figure 1. Schematic view of a micro-DT neutron source driven by a short pulse, high average power laser

(not to scale). Target options 1–3 are described in Fig. 2.

Fission reactors are presently the workhorse for
high flux testing of fusion materials. Unfortunately,
the conditions in a fission reactor are not the same
as those expected in a fusion reactor. Neutron energy
spectra are different, with the consequence that the
generated recoil spectrum in the materials is dif-
ferent [5]. Moreover, large quantities of helium and
transmutation products will be produced in thresh-
old (n, X) reactions in the fusion environment which
are not present in fission reactors. We note also
from Table 1 the possibility of employing existing
or near term spallation neutron sources. However, it
has been judged that spurious charged particle pro-
duction due to the high energy tail of the neutron
spectrum (� 20 MeV) and the low dpa generation
rate make these of limited use to fusion materials
research [7, 8].

In the absence of a test facility with a prototyp-
ical fusion spectrum, fission reactors will continue
to remain the primary facilities for fusion materi-
als irradiation. The value of fission reactors can be
enhanced by innovative techniques to better simu-
late helium and hydrogen production through, for

example, helium charging and boron or nickel dop-
ing. However, in a fusion reactor, the projected
helium to dpa ratio is typically ∼4–15 appm/dpa
for vanadium alloys and ferritic steels, and an order
of magnitude higher in SiC and graphite. Deeper in
the structure where the neutron spectrum is softer,
these ratios drop because of their typically higher
energy thresholds, and fission simulations become
more relevant. But in the critical first few neutron
mean free paths from the first wall, the primary
damage state for microstructural and compositional
changes is rather dissimilar for fission and fusion irra-
diation. An example is the helium production reac-
tions in carbon bearing materials where the 12C(n,α)
and 12C(n, 3α) reactions have thresholds of 6.2 and
8.3 MeV, respectively. A detailed discussion of can-
didate fusion neutron sources and their spectral dif-
ferences can be found in Ref. [5]. References to the
various concepts shown in Table 1 can be found in
column 3 of the table.

It appears that no existing neutron source offers
the necessary combination of neutron flux, spec-
trum and cost effectiveness. Relative to the other
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Table 1. Classes of neutron sources for fusion material testing

Neutronics Dimensions of Input power
Description Examples∗ specifications emitting volume Facility cost Comments

(typical) (typical) Tritium useage

Laser based High intensity, •Fast ion ∼≤1015 cm−2 s−1 ∼0.5–0.1 cm ∼10 kW. This article.

micro laser driven; beam–target over microsamples (fast ion range ≤US M$100 Low cost, high fluxes,
neutron close coupled, •Exploding (1 mm). 14 MeV in substrate) ∼3×10−4 g/d small testing volume
sources microsamples pusher target DT spectrum (∼1 cm3), specimen

(c) sizes of ∼1 mm.

Accelerator ∼370 keV, •RTNS-II (s) ∼5×1012 cm−2 s−1 ∼1 cm ∼50 kW. Heat removal at large,
based, DT ∼150 mA (Ref. [9]) over 1 cm3 (beam spot ∼US M$25 water cooled solid
beam–target deuterium test volume. diameter) ∼2×10−5 g/d target limits flux and

beam; 14 MeV DT spectrum fluence. Not relevant

H2O cooled for high flux/fluence.
T–Zr target

Accelerator ∼30–40 MeV, • IFMIF (c) ∼9×1013 ∼10 cm ∼10 MW. Neutrons from forward
based, D–Li ∼250 mA (Ref. [10]) (2.2×1014) cm−2 s−1 (beam ∼US B$1 peaked, stripping

beam–target deuterium over 500 (100) cm3 footprint) N/A reaction. Uncertainties
beam on test volumes. D–Li in damage relevance
liquid lithium neutron spectrum due toEn≥20–40 MeV.
target

Spallation 800 MeV–GeV •LANSCE (o) ≤1013 cm−2 s−1 over ∼10s cm ∼10s MW. Significant uncertainties
sources proton beam at • IPNS (c) ∼20×103 cm3 test to metres ∼US B$ for in damage relevance

∼10s mA on (Ref. [11]) volumes. Spallation (proton range) new facilities. due to spallation
water cooled neutron spectrum. N/A spectral components
tungsten (En � 20 MeV)

Fusion Neutral beam •BPNS (c) ≥4(1)×1014 cm−2 s−1 ∼20(10) cm 60(13) MW Most fusion relevant.
based heated 200 eV •GDT (c) over 600 cm3; ≥1013 (neutral beam ∼US B$1(0.5) Medium test volumes.
high flux mirror plasma. (Refs [12, 13]) over 0.6 (0.04) m3 range in ∼0.9 g/d Dependent on
sources 0.17–1 MW 14 MeV DT spectrum target plasma international fusion

fusion power development strategy.

Fusion High average •VNS ∼4×1013– ∼2 m ∼100s MW. Most fusion relevant.
reactor power MFE (MFE) (c) 2×1014 cm−2 s−1 (plasma minor ∼US B$3–5 Large test volumes.
volumetric or IFE test •ETF Large volumes (∼m3). diameter) ∼8 g/d Significant cost.

sources facilities. (IFE) (c) 14 MeV DT spectrum dependent on
Typically driven (Ref. [14]) international fusion
at moderateQ development strategy.

Fission In-core •HFIR (o) 1014− ∼1 m ∼100s MW Thermal or mixed

reactors specimens •HFBR (o/s) 2× 1015 cm−2 s−1, (core diameter) ∼US B$s for fission spectrum; not
in existing •ATR (o) 10s cm3 volumes. new facilities. very fusion relevant.
fission reactors (Ref. [15]) Fission neutron N/A High flux. Available

spectrum facilities will decline

in future years.

∗ (o) = operating. (s) = shut down. (c) = conceptual design. RTNS-II = Rotating Target Neutron Source (LLNL); IFMIF =
International Fusion Materials Irradiation Facility; BPNS = Beam plasma neutron source; GDT = Gas dynamic trap; VNS =
Volumetric neutron source (spherical tokamak); ETF = IFE Engineering Test Facility; HFIR = High Flux Irradiation Reactor

(ORNL); ATR = Advanced Test Reactor (Naval, INEL); HFBR = High Flux Beam Reactor (BNL); SNS = Intense Pulsed Neutron
Source (ORNL); LANSCE = Los Alamos Neutron Science Center [5, 9–15].

candidates in Table 1 and, in particular, to the other
beam–target sources, the laser driven concepts of this
article may offer the following advantages:

(a) Very small target volumes due to high laser
intensities and laser heat removal by sacrificial

vaporization rather than by the steady state, liquid
cooling methods of conventional beam–target neu-
tron sources (see, e.g., Refs [9, 10]). This provides
the opportunity to close-couple irradiation specimens
resulting in very high point neutron fluxes at low
power and low cost.
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Figure 2. The three target options.

(b) The prospects for self-heated plasma targets.
In the case of the fast ion beam–target schemes
described below, this provides significantly higher
neutron production rates per incident watt relative
to conventional, beam–target neutron sources with
cold (i.e. solid or liquid) targets.

(c) Low cost. The cost of fast pulse, intense lasers
scales approximately as the energy per pulse, with
pulse length and repetition rate only a secondary
cost issue up to some heat removal limit. Thus, the
average power of the system and, therefore, the time
averaged neutron flux, is ultimately determined by
the heat removal limitations in the laser.

(d) The production of a pure DT neutron spec-
trum. This provides for fusion material irradiation
experiments that are free of the spectral uncer-
tainties accompanying irradiations in fission reac-
tors [15], spallation sources [9] and D–Li accelerators
[5, 10].

Note from Table 1 that the cost of the various irra-
diation facilities tends to scale as the total fusion (or
fission) power. By contrast, the maximum neutron
flux attainable at material test specimens depends on
the intensity of the source emitting volume and the
minimum source sample stand-off distance. A laser
driven neutron source potentially offers high neutron
fluxes at modest cost. Of course, the small source vol-
umes and close coupling means that the useful test-
ing volume in the high flux zone is only of the order of
0.5 cm3. Ultimately, of course, fusion energy develop-
ment will require tests of heterogeneous fusion com-
ponents, necessitating the use of large volume (and

expensive) volumetric neutron sources. However, as
discussed below, we suggest that the small dimen-
sions of the material test specimens envisaged for
use here (∼1 mm) do not present any fundamental
difficulty regarding damage characterization of irra-
diated volumes of single materials and composites.

3. Laser target options

As shown in Fig. 2, we have studied three potential
target concepts:

3.1. Option 1: thin target, fast ion,
beam–target sources

A thin (∼ few micrometres) isolated laser ‘foil’ tar-
get of frozen tritium is suspended a few microme-
tres above a thicker substrate layer of deuterium.
Laser energy absorbed by hot electrons electrostati-
cally couples to ions in the foil resulting in the effi-
cient production of fast tritium ions in the range of
hundreds of keV. Isolation of the tritium layer is nec-
essary to prevent the formation of a cold electron
return current which otherwise would short out the
ambipolar accelerating field (Section 4). The inward
directed tritons undergo beam–target fusion reac-
tions with the deuterium substrate. Fast ion heat-
ing raises the substrate’s electron temperature in
the range of hundreds of eV, thus reducing the
ion stopping power for subsequent ions and signif-
icantly enhancing the neutron production rate per
laser energy pulse. As discussed below, this scheme
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is applicable to laser irradiances in the approximate
range Iλ2 ∼ 1016−1018 W µm2/cm2, otherwise the
fast ions are too slow or too energetic, respectively.
Most of the analysis in this article will be devoted to
this type of target.

3.2. Option 2: thick target, high intensity
driven, beam–target sources

At higher laser irradiances Iλ2 ≥ 1018 W µm2/
cm2, plasma electrons are driven relativistically. Hole
boring of the laser light yields electron driven accel-
eration gradients producing energetic ions. At very
high irradiances ≥1020 W µm2/cm2, efficient energy
transfer to fast ions can occur by collisionless shock
heating. Here, direct momentum transfer from the
laser light to the ions drive the latter into the target.
Unlike the analogous scheme in option 1 above, this
produces fast ions directly for beam–target fusion
without the need for the thin target layer isolated
from the substrate. In this case, a single continuous
cryogenic target layer of 50:50 DT might be employed
of thickness equal to the optimum ion range, thus
considerably simplifying target fabrication but at
the expense of higher laser intensities in the range
1018−1020 W µm2/cm2 and higher tritium invento-
ries. Other considerations of the beam–target neu-
tron production will be similar to those discussed
below in connection with the analysis for option 1.

3.3. Option 3: exploding pusher
target source

Hot electrons from a high intensity laser strike
the outside of a thin (∼ few micrometres) metal or
glass shell enclosing a cryogenic solid or liquid DT
core of ∼tens of micrometres radius. The shell heats
rapidly to ∼keV temperatures, exploding the shell
with many gigabar pressures and driving an inward
shock at ∼several 107 cm/s. The convergent shock
from the shell heats the DT core, yielding ion tem-
peratures in the ≥10 keV range. Fuel burnup and
the resulting neutron yield are determined by the
dynamics of capsule disassembly. As discussed fur-
ther in Section 6, because the DT fuel is preheated,
it is on a high isentrope so the fuel radius converges
by only a factor of ∼3. Thus, unlike conventional hot
spot ICF targets, these ‘exploding pusher’ capsules
do not scale to high gain. In the schematic diagram of
Fig. 2, we show only single sided illumination of the
capsule. However, adequate compression symmetry
may require multi-sided illumination.

3.4. Other target options —
atomic clusters

We also note that irradiation of noble-gas clus-
ters (∼1000s atoms/cluster) with high intensity laser
pulses have produced highly ionized, very high tem-
perature microplasmas [16, 17]. The explosion of
these microclusters ejects ions with high kinetic ener-
gies. Beam–target neutrons could be produced from
such fast ions in a manner analogous to the thin
target, hot ion concept in option 1 above but with
rather different target geometries. In particular, Dit-
mire has shown that in such clusters the efficiency
of absorption of laser energy into fast ions can be in
excess of 80% for laser intensities of ∼1016 W/cm2

[17]. The mean fast ion energy here was ∼45 keV.
Although the mechanism for such efficient hot ion
production is not clear, it may be that the clus-
ters are undergoing ‘Coulomb explosions’ where the
electrons are completely removed leaving the ions to
accelerate radially outwards under an electric field
which scales as the square of the original cluster
radius. We are currently examining the characteris-
tics of such neutron sources, either as bare thermonu-
clear DT clusters or tritium clusters surrounded by a
neutron producing, beam–target deuterium ‘collar’.
This will be reported in a future communication.

4. Laser interaction physics
and requirements for
efficient neutron production

A review of the literature on high intensity lasers
from the past decade or so indicates that it is conve-
nient to separate the interaction physics for a laser
driven neutron source into three different irradiance
regimes:

4.1. Irradiances Iλ2 < 1017 W µm2/cm2

At lower intensities, Iλ2 < 1017 W m2/cm2,
the interaction of laser light occurs by inverse
bremsstrahlung and collisional absorption [18]. For
the target of option 1 operating in this regime, laser
energy is initially absorbed entirely by plasma elec-
trons. However, in the thin, isolated target layer, the
space charge field of the heated electrons acceler-
ates ions into the blow-off plasma and the frost layer
explodes (see, e.g., Ref. [19]), resulting in significant
fast ion production. In thicker single region targets
at these lower intensities, we would expect that elec-
tron heat conduction into the target coupled with
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the neutralizing effect of the cold returning electron
current would result in little hot ion production.

From a review of experiments in the range Iλ2 ∼
1011–1017 W µm2/cm2, Gitomer et al. [20] suggest a
hot electron scaling of the following form:

Te,hot (keV) ∼ 1.6× 10−6 [Iλ2 (W µm2/cm2)]4/9.

(1)

They apply three analytic models to deduce the
mean fast ion energy as

Ē (keV/amu) ∼ k1Te,hot (keV) (2)

with k1 from the models being in the range
2/31/2–12.5. Experimental data in the range Iλ2 ≤
1017 W µm2/cm2 appear to be well fitted by k1 ∼
4−5.

This scaling for fast ion energy is in agreement
with the fact that the ion rich plasma resulting from
expelled electrons should exhibit a sheath potential
of [21]

Vsheath ∼
kTe,hot

2e
ln
(

mi

2πme

)
. (3)

Similar scalings from Kruer and Estabrook [22, 23],
Manes et al. [24] and Kruer [25] suggest

Te,hot (keV) ∼ k2[Iλ2 (W µm2/cm
2
)]0.33 (4)

where k2 is in the range 6× 10−5−1.2× 10−4.
Fews et al. [26] have presented recent experimen-

tal evidence for such ion energies of ∼0.2–1.3 MeV
for intensities of I = 2 × 1017−2 × 1018 W/cm2.
Also, as noted above, Ditmire et al. have measured
the absorption efficiency of laser energy into fast
ions with peak laser intensities of 2 × 1016 W/cm2

incident on clusters (∼1000s atoms/cluster) [16, 17].
They find mean fast ion energies of ∼45 keV and
absorption efficiencies of 80–90%.

4.2. Irradiances Iλ2 ∼ 1018 W µm2/cm2

Collisional absorption becomes ineffective at irra-
diances of Iλ2 ≥ 1017 W µm2/cm2 because the
plasma temperature rises too quickly for collisions
to be effective (note that the electron–ion colli-
sion frequency goes as νei ∼ n/T

3/2
e ). In addi-

tion, at 1018 W µm2/cm2 the electron quiver veloc-
ity becomes comparable to the thermal velocity. In

particular, the electron quiver energy Eosc (i.e. the
cycle averaged, oscillatory energy of the electron in
the laser field) is ∼100 keV at 1018 W µm2/cm2 [1]
requiring a relativistic treatment of the interaction
process. This can result in relativistic self-focusing
and channel formation leading to laser ‘hole boring’.
The hot electron energy can be several times Eosc

and fast ions can then be accelerated through this
∼MeV electron induced channel.

The hot electron temperature also depends on
the polarization of the laser field, with p polar-
ization, i.e. polarization in the plane of propaga-
tion, exhibiting a 2–3 times higher hot electron
temperature than s polarization at the same laser
intensity [27, 28]. Wilkes et al. [27] have performed
particle in cell (PIC) simulations at irradiances of
1018−1019 W µm2/cm2. At 1019 W µm2/cm2 they
determined Te ∼ 1.4 MeV for p polarized light
and also found fast ion energies of ∼10−3m0c

2 at
the same intensity which translates to ∼2 MeV
for deuterons. Guethlein [29] has measured hot ion
energies in excess of 1 MeV for laser intensities of
(2−3) × 1019 W/cm2 incident on aluminium and
plastic targets.

Pretzler et al. [30] have observed DD neutron pro-
duction through this proposed mechanism in deuter-
ated polythene, using a 160 fs, 200 mJ laser with
a 4.5 µm focal spot (implying I ∼ 1018 W/cm2).
Two effects are suggested to contribute to the chan-
nel formation. First, the relativistic mass increase
of the quiver electrons in the focal region causes an
increase in the refractive index and forms an effective
positive lens. Second, as the sub-MeV electrons are
accelerated forward, they generate megagauss fields
leading to self-pinching of both the electrons and
the light. Note that, in any event, the light pressure
itself exceeds the plasma pressure. The result is a
single narrow light propagation channel with diame-
ter of several wavelengths and elongated over many
Rayleigh lengths: i.e. the length for 1/e diffraction
expansion. Not surprisingly, this regime is not well
modelled by classical Spitzer–Harm conductivity.

Norres et al. [31] have observed similar beam–
target DD neutron production with 1.3 ps, 1.05 µm
light on flat targets of 120 µm thick deuterated
polystyrene (C8D8) and also cryogenic deuterium
pellets 0.5 cm thick. They ran with energies of ∼8–
20 J and average intensities of ∼8 × 1018 W/cm2.
Their quoted DD yields of 7 × 107 neutrons/sr
would result in a fusion Q value (fusion energy
divided by laser input energy) of ∼2% if operated
in DT. As shown later, this implies both an efficient
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transfer of laser energy into fast ion energy and
beam–target interactions within a high temperature
plasma background

4.3. Irradiances Iλ2 ≥ 1020 W µm2/cm2

At these very high intensities, the light pressure,
P = 2I/c ∼ 600I (W/cm2)/1018 Mbar, vastly
exceeds the plasma pressure and momentum con-
version from the ponderomotive force of the laser
can occur directly to fast ions with high efficiency.
Under such conditions, the properties of the plasma
so produced are determined by the laser field rather
than by its hydrodynamics. Note that, at I =
1020 W/cm2, the light pressure is ∼6 × 104 Mbar.
The resulting collisionless shock can compress ion
densities to several times that of the original pre-
formed plasma [32]. Also, there are significant dif-
ferences in the electron interaction physics relative
to that occurring at lower intensities. First, because
of the very short pulse duration, there is insufficient
time for a substantial region of coronal plasma to
form in front of the target. That is, the hydrody-
namic timescale is longer than the pulse length. Sec-
ond, because of the steep density gradients and hole
boring, the laser energy is deposited at much higher
electron densities than the critical density, which
would otherwise limit long pulse penetration.

In this high intensity limit, momentum conserva-
tion yields ion velocities of

Vion = 2(I/ρc)1/2 (5)

implying that the mean fast ion energy should scale
as ∼I rather than the ∼I∼0.3−0.5 at lower inten-
sities. Thus, at 1020 W/cm2 in a deuterium tar-
get, this direct process should yield deuterons with
energies approaching an MeV or so.

Denavit [32] has performed PIC simulations of
interactions at I = 1020−1021 W/cm2 in thin, solid
targets, demonstrating light transmission through
plasmas which are overdense by factors of 102−103.
Similarly, Lawson et al. [33] have modelled intensi-
ties in the range I = 1018−1022 W/cm2 in thin foils
of aluminium and CH plastic. They find ions in the
range of several hundred keV at I = 1020 W/cm2,
consistent with Eq. (5) above, and ∼25% energy
absorption efficiency into ions at I = 1021 W/cm2.
Note, however, that both the results of Denavit and
Lawson et al. apply to thin targets (�1λ), which pre-
sumably will be influenced by electron space charge
production.

4.4. Implications for
efficient neutron production

From the evidence above, it appears that fast ion
energies around 100–1000 keV are attainable in thin
targets for laser irradiances of ∼1017 W µm2/cm2

due to acceleration by the space charge limited elec-
tron field and, interestingly, energies of the same
order may be attainable for Iλ2 ∼ 1018 W µm2/cm2

to Iλ > 1020 W µm2/cm2 in thick targets due to rel-
ativistic hole boring and/or direct momentum trans-
fer from the laser field. Moreover, energy conversion
efficiencies into ions of ∼ tens of per cent may be
available throughout this range [16, 17, 20, 27, 32–
34]. In general, scaling of hot ion energies and effi-
ciencies tend as Ix, where x ∼ 0.3−0.5 in the lower
intensity regime and x ∼ 1 in the high intensity
regime.

To date there is no single model which can accom-
modate all the features of the interaction physics.
Nor can present models adequately describe the tran-
sitions from lower to higher intensities, especially the
effects of relativistic hole boring, the electron trans-
port in the resulting high magnetic fields which per-
sist on the hydrodynamic timescale, and the result-
ing energy coupling to ions. This situation calls for
quantitative experiments. In particular, experiments
are needed to determine the laser conditions at high
intensity that might allow us to dispense with the
thin, multilayer target geometry of option 1 above
and employ the simpler single, thick target idea of
option 2.

Thus, in the case of these beam–target schemes,
an efficient, high-Q neutron source will require atten-
tion to the following:

(a) Efficient coupling of laser energy to hot
electrons in the target.

(b) Efficient coupling of electron energy into fast
ions or, at very high intensities, the efficient produc-
tion of fast ions directly by the laser field.

(c) Production of fast ions in the energy range of
several hundred keV to optimize DT neutron yield
per unit laser energy dissipated in the target. Higher
ion energies in the MeV range result in lower fusionQ
values and have a long range in the target substrate,
thus increasing the target–sample stand-off distance
(Section 5).

(d) Concurrent heating of the target substrate to
≥100 eV to decrease the fast ion atomic stopping
power and enhance the neutron yield per unit energy
deposited in the target.

8 Nuclear Fusion, Vol. 40, No. 1 (2000)



Article: High intensity laser driven micro neutron sources

Figure 3. Schematic diagram of the target interaction region for option 1 (not to scale). The thickness of the

deuterium substrate and debris shield are determined by the laser irradiance and resulting fast ion range and

are described in Section 7. At high irradiances of Iλ2 > 1018 W µm2/cm2, the multilayer thin target system

here might be replaceable by a thick single region DT target.

5. Analysis for target option 1:
thin target, hot ion,
beam–target neutron sources

Figure 3 shows a schematic diagram of the target
area for option 1. A thin (a few micrometres) layer of
tritium frost is suspended above a frozen deuterium
substrate of thickness tens to hundreds of microme-
tres depending on the fast ion energy and substrate
electron temperature. Laser energy is absorbed by
electrons in the tritium layer which become space
charged limited as they stream from the interaction
region. The ambipolar potential so formed electro-
statically couples to the ions, and fast tritons are
pulled explosively out of the target layer and enter
the deuterium substrate. The thickness of the tritium

film and its stand-off from the substrate must be
maintained of the order of the electron sheath poten-
tial (i.e., a few micrometres), otherwise an internal
cold electron return current will result, neutralizing
the accelerating field. Depending on laser and tar-
get conditions an appreciable fraction of the incident
laser energy can be converted to hot ions with ener-
gies in the range of hundreds of keV to ∼1 MeV.
The re-entrant conical target assembly is employed
to enhance the inward direct ion current. The tri-
tium frost layer can be suspended by deposition on
to a low density foam which serves to separate the
film from the substrate. Alternatively, we could con-
sider a substrate of either a low density foam filled
with cryogenic D2 or a frozen CD4 layer. Based on
experimental observations, lasers of these intensities
tend to punch clean holes into the targets, thus the
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debris jet for the target shown in Fig. 3 would be
forward peaked. In that respect, the debris shield
would be increased in the rear direction and/or
the specimen matrix would only be mounted in an
approximate 250–300◦ arc around the target leaving
the laser entrance and debris exit regions clear. Main-
tenance periods will be required to clean the target
area (∼ a few cm3) of accumulated debris, preferably
with a frequency no shorter than a day.

Tritium ions slowing down in the deuterium sub-
strate give rise to 14 MeV fusion neutrons via
T(d,n)4He beam–target interactions. Concurrent ion
and electron heating of the substrate decreases the
ion stopping power resulting in longer ion ranges and
significantly enhanced neutron production rates, as
the following analysis will demonstrate.

At lower laser intensities ≤1017 W/cm2, this
process will only be efficient if the thin tritium
layer is isolated from the deuterium substrate by a
vacuum gap or a low density insulating foam as
shown Fig. 3. In this way, the hot electrons are pre-
vented from thermalizing in the substrate. Other-
wise, a cold electron return current would occur,
neutralizing the space charge field accelerating the
fast ions. At high intensities ≥1018 W/cm2, the sin-
gle region thick target of option 2 may also yield an
efficient hot ion current.

As illustrated in Fig. 1 above, targets are mounted
1–10 cm apart on a continuous plastic strip moving
at about 0.1–10 m/s. We show below that laser ener-
gies of around 100–1000 J/pulse at repetition rates of
∼10–100 Hz (i.e. average powers of ∼10 kW) will be
required to yield neutron fluxes ≥1014 n cm−2 s−1 at
material specimens mounted with stand-off distances
of ∼ millimetres from the target midpoint. A sacrifi-
cial shield of woven carbon cloth is sized (see below)
to accommodate the laser blast and moves with the
target strip to protect the material specimen from
target debris. On the basis of our experimental obser-
vations, the laser should punch a clean precise hole
though the strip and the debris jet will be strongly
forward peaked. Maintenance periods will, however,
be required to clean the ∼ few cm3 target area of
accumulated debris, preferably with a frequency no
shorter than a few days.

An alternative option is to exchange the tritium
and deuterium regions so that the laser interacts in
a thin deuterium layer and the resulting fast deu-
terium ions stream into a tritium substrate. While
this produces higher neutron fluxes at lower ion ener-
gies because of the greater energy available in the
centre of mass for the DT cross-section (see below),

it will also result in significantly larger tritium inven-
tories. For the target option shown in Fig. 3, each
target contains only about 4 µCi of tritium

To assess potential neutron yields and fluxes
attainable with a candidate system, we introduce a 1-
D slab model for laser interaction, ion slowing down
and neutron production. Laser interaction with the
thin, isolated tritium frost layer produces hot elec-
trons of temperature Te,hot which electrostatically
couple to fast tritons yielding an initial mean fast
ion energy Ē0 incident on the deuterium substrate.
As ions enter the substrate, they will begin to slow
down, transferring energy to the medium by ioniza-
tion, excitation and drag. Concurrently, the temper-
ature of the substrate will begin to rise due to this
ion deposition, supplemented by the fraction of laser
produced hot electrons not contributing to the space
charge limited ion production. The total energy lost
by an ion with local energyEion traversing a distance
x in the substrate is

∆E(Eion , T ) =
∫ x

0

dE

dx
(Eion , T )dx (6)

where dE(Eion , T )/dx is the ion stopping power at
substrate temperature T .

We assume the ion beam undergoes no angle scat-
ter as it slows down (a good assumption until the
end of the range where neutron production is anyway
negligible). Also, as we are always in the limit that
the nuclear reaction cross-section is small relative
to the atomic slowing down cross-sections, we can
neglect ion removal from the beam. Therefore, for an
ion beam of cross-sectional area aion and flux ϕion

ions cm−2 s−1, the neutron production rate from a
slowing down element dx of volume Aiondx at depth
x into the substrate is n(x)σ(Eion (x))ϕionaiondx,
where σ is the DT cross-section at the local ion
energy Eion at depth x in the substrate and n is the
local deuterium number density. Effecting a change
of variable to the ion energy yields a total neutron
yield (in units of n/s) of

Y (Ē0, T ) = nJ(El, Iλ2)
∫ 0

Ē0

σ(Eion )dEion

dE/dx(Eion , T )
(7)

where Ē0 is the initial mean kinetic energy of the
ion beam entering the substrate and J(El, Iλ2) =
aionϕιov is the fast ion current in ions/s, a function
of the laser energy El and irradiance Iλ2. We also
assume the deuterium density n is independent of
depth in the target.

The resonance in the DT cross-section σ̂ occurs
at ∼64 keV in the centre of mass frame [35]. In the
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laboratory frame, this translates to ∼160 keV for tri-
tons incident on a deuterium target, or ∼107 keV
for deuterons incident on a tritium target. How-
ever, because of the competition of atomic slowing
down, ion energies somewhat above this peak are
required to maximize the neutron yield in a thick
beam–target system. The atomic cross-sections due
to drag and ionization, which contribute to the ion
stopping power dE/dx, are significantly larger than
the nuclear interaction cross-section. Thus, in a cold
target, the vast majority of ions slow down and
stop in the target without producing a DT fusion
reaction. Consequently, an ion starting out at high
energy well above the peak in the fusion cross-section
has a greater chance of producing a fusion neu-
tron before its energy is reduced than an ion pro-
duced in the vicinity of the peak. Of interest here,
a hot target with electron temperatures of tens to
hundreds of eV has a significantly reduced dE/dx,
thus enhancing the neutron yield for any ion birth
energy. In general, the ion slowing down and result-
ing electron heating of the substrate occur in a time
much less than the substrate disassembly time. Thus
the substrate flashes to a high temperature solid
plasma (Section 7). Of course, hotter targets exhibit
lower values of dE/dx which result in higher neu-
tron yields but also longer ion ranges and thus longer
target–specimen stand-offs. Attention must be given,
therefore, to both total yield and the neutron flux
attainable at the specimen.

Formalisms for ion energy deposition in mat-
ter at finite temperatures have been developed by
Mehlhorn [36], where the stopping power can be
generalized to

dE

dx
(Eion , T ) =

(
dE

dx

)
bound

+
(
dE

dx

)
nuc

+
(
dE

dx

)
free

+
(
dE

dx

)
ion

(8)

and is a function of the average charge state Z̄1 of the
projectile ion of atomic number Z1 and the degree
of ionization of the substrate zeff of atomic number
Z2. The first term on the RHS of Eq. (8) accounts
for energy loss due to ionization and excitation of
bound electrons and is modelled by the Bethe equa-
tion [37] or, at low energies, by the Linhard–Scharff–
Schiott model [38]. Shell corrections were applied by
Mehlhorn to both models. The second term on the
RHS of Eq. (8) represents elastic scattering between
the ion and target nuclei of the substrate; it is only
applicable at very low energies and particularly for

Figure 4. Stopping power dE/dx, for tritons slowing

down in a solid density deuterium substrate (solid curves)

and deuterons in a solid density tritium substrate (dotted

curves), as a function of the ion energy. The electron

temperature of the substrate is shown as a parameter.

large Z1 and Z2. As the ion beam heats the sub-
strate, the resulting ionization increases the number
of free electrons which can participate in the slow-
ing down process and reduces the number of bound
electrons. The third and fourth terms on the RHS of
Eq. (8) account for the stopping power of these free
electrons and of the resulting plasma ions, respec-
tively. The ion term only becomes appreciable at high
plasma temperatures where the ion thermal velocity
is high. A medium with elevated plasma tempera-
ture can exhibit a significantly reduced total dE/dx
over that of a cold target due to the substitution of
the high stopping power of the bound electrons by
the smaller cross-section of the free electrons. This
has important consequences for neutron production
efficiency.

Figure 4 shows the application of Eq. (8) to this
case where the stopping powers for tritons slowing
down on a solid density deuterium substrate (solid
curves) are shown as a function of the ion energy,
with the plasma temperature of the substrate as a
parameter. Deuterons slowing down on a solid den-
sity tritium substrate (dotted curve) are shown for
reference. Figure 5 shows the ion range resulting from
our 1-D slab model. Note that at a target tempera-
ture of T ∼ 1 keV, dE/dx is lowered by one to two
orders of magnitude relative to a cold target (T = 0)
with a commensurate increase in range.

Armed with this dE/dx formalism we can evaluate
Eq. (7) to compute the neutron production efficiency.
This is shown in Fig. 6 where the neutron yield per
incident ion (i.e. with the fast ion current J in Eq. (7)
set to unity) is plotted as a function of the initial
mean kinetic energy Ē0 of the ion beam incident on
the substrate for a range of substrate temperatures.
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Figure 5. Resulting ion ranges for the stopping powers

shown in Fig. 4. The solid curves show the triton range

in a solid density deuterium substrate while the dotted

curves show the converse, and are plotted as a function

of the initial ion energy. The electron temperature of the

substrate is shown as a parameter.

Figure 6. 14 MeV DT neutron production efficiency

per incident ion for tritons interacting in a solid density

deuterium substrate (solid curves) and deuterons inter-

acting in a solid density tritium substrate (dotted curves)

as a function of the initial ion energy. The electron

temperature of the substrate is shown as a parameter.

The DT fusion cross-sections were taken from the lat-
est evaluation by Bosch and Hale [35]. As these are
thick target yields, the neutron production efficien-
cies increase monotonically with initial ion energy,
and a knee in the yield curve is seen to occur around
the peak in the DT cross-section in the laboratory
frame. Note the significant advantages of produc-
ing initial ion energies above ∼200 keV and realizing
substrate temperatures in the vicinity of ∼0.1–1 keV.

To compute neutron fluxes and absolute efficien-
cies, consider a laser, energy El, with pulse duration
τ , focal spot (FWHM) of dl, wavelength λ, repeti-
tion rate rl and irradiance Iλ2−Elλ2/(πd2

l τ/4) inci-
dent on the conical target shown in Fig. 2. Assum-
ing an isotropic distribution of ions from the tritium

frost layer, the fraction directed inwards towards the
deuterium substrate is

fin ≈ 1− 0.5√
1 + (2Acone)2

(9)

where Acone is the cone aspect ratio, i.e. the ratio of
the height to the diameter of the base. In the limit of
a flat surface (i.e. Acone = 0), fin = 0.5 as expected.

The absolute fast ion current into the substrate
becomes

J(El, Iλ2) ≈ Elrl(1− ηscatt )ηion(El, Iλ2)fin
Ē0(El, Iλ2)

(10)

where ηscatt is the fraction of incident laser energy
scattered from the front surface and ηion is the con-
version efficiency of absorbed laser light into fast ions
of initial mean kinetic energy Ē0.

We obtain the fusion Q value, i.e. the DT fusion
energy output for a given incident laser energy input
as

QDT ≈
Y (Ē0, T )× 17.6 MeV

Elrl
. (11)

The 14 MeV neutron flux at the front face of a mate-
rial specimen is then

φDT ≈
Y (Ē0, T )

4πL2
(12)

where L is taken as the distance from the midpoint of
the ion slowing down range in the substrate, i.e. the
midpoint of the neutron production region, to the
front face of the specimen. This includes the carbon
debris shield thickness td and clearance gaps tc each
side of the shield as

L(Ē0, T ) = 0.5R(Ē0, T ) + td(El, Ē0, T ) + 2tc

where the ion slowing down range is

R(Ē0, T ) =
∫ 0

Ē0

dEion

dE/dx(Eion , T )
.

We use a spherical model to determine the thickness
td of the sacrificial debris shield as td = 2x, where x
is the real root of

El(1− ηscatt )

4πx
(
R(Ē0, T ) + tc + x

2

)2 = Hv. (13)

Here, Hv = 9.54 × 104 J/cm3 is the specific vol-
umetric vaporization energy of woven carbon cloth
and was obtained from a cohesive energy of carbon
of 59.6 MJ/kg [39] and a density of ∼1.6 g/cm3.
The factor of two ensures residual integrity of
the shield over the minimum vaporization limit,
including a safety margin.
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Figure 7. DT fusion Q values (i.e. DT fusion energy out-

put divided by laser energy input) as a function of the

initial mean fast ion energy Ē0 for a laser energy El =

100 J, and with ηscatt = 30% and ηion = 30% assumed.

The solid curves show tritons interacting in a solid den-

sity deuterium substrate while the dotted curves show

deuterons interacting in a solid density tritium substrate.

The electron temperature of the substrate is shown as a

parameter.

To parameterize the results for our system, we
take a laser, energy El = 100 J with repetition
rate rl = 100 Hz (average power of 10 kW) and
λ = 1 µm. We take clearance gaps of tc ∼ 100 µm
each side of the debris shield. We assume a conical
target of the type shown in Fig. 3 with an aspect
ratio of Acone = 2. Figure 7 shows the fusion Q value
attainable (DT fusion energy output divided by laser
energy input) as a function of the initial fast ion
energy Ē0 with the substrate temperature T as a
parameter and assumptions of ηscatt = 30% and
ηion = 30%; i.e. a net conversion efficiency of inci-
dent laser energy into fast ions of 21%. Note, from
Fig. 6, that Q values tend to maximize for initial ion
energies of ∼150–250 keV for deuterons incident on
a tritium substrate and ∼250–350 keV for the con-
verse. These trends are discussed further in Section 7
where we perform self-consistent calculations of
substrate temperatures.

Figure 8 shows the corresponding primary, uncol-
lided 14 MeV neutron flux at the front face of a
specimen with source specimen stand-off distances
determined by Eq. (13) above. These are cycle aver-
aged fluxes in n cm−2 s−1, i.e. neutrons cm−2

pulse−1 times the laser repetition rate. Note that
if a target temperature in the range ∼100–1000 eV
could be sustained then neutron fluxes in the range
1014−1015 n cm−2 s−1 may be achievable. Note also
that at high initial ion energies and high target tem-
peratures, the flux at the specimen actually drops.

Figure 8. 14 MeV DT neutron flux at the front face

of the specimen as a function of the initial mean fast ion

energy Ē0 for a laser energy El = 100 J with repetition

rate rl = 100 Hz (average power of 10 kW) and with

ηscatt = 30% and ηion = 30% assumed. The solid curves

show tritons interacting in a solid density deuterium sub-

strate while the dotted curves show deuterons interacting

in a solid density tritium substrate. The electron temper-

ature of the substrate is shown as a parameter. Target–

sample stand-off distances are a function of ion range and

thus of Ē0 and are discussed in the text.

This is due to the long slowing down range of
such high energy ions in the high temperature sub-
strate, see the ion ranges in Fig. 5, which signifi-
cantly increases the source–specimen distance L and
decreases the neutron flux as ∼1/L2. Consequently,
the optimum initial mean ion energies and target
temperatures appear to be in the ranges ∼200–
400 keV and ∼100–1000 eV, respectively. We note
later that these fluxes depend on the feasibility of
closed coupled target–specimen stand-offs of ∼0.1–
0.2 cm and running clearances of ∼100 µm.

In Section 7 we provide a self-consistent case for
fast ion production, substrate temperature and the
resulting neutron production as a function of laser
conditions.

6. Analysis for target option 3:
exploding pusher target

Here, we consider the operation of option 3 tar-
gets (Fig. 2). These comprise DT micro-spheres of
radius several tens of micrometres encased in a thin
glass shell of a few micrometres thickness. Hot elec-
trons generated by the high intensity laser absorb-
ing on the outside of the shell penetrate the entire
target and heat the glass shell rapidly to >2 keV,
exploding it with several gigabar pressure and driv-
ing an inward shock of ≥5× 107 cm/s. The centre of
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mass of the shell or ‘pusher’ is almost stationary as
it explodes both inward and outward. Since the DT
fuel is preheated, it is on a high isentrope, so the fuel
radius converges by only a factor of three or so [40].
The convergent shock heats the DT core to ∼10 keV.

Such electron conduction driven exploding pusher
targets were the most common types of target uti-
lized in the early stages of the ICF programme
and were the first type to produce thermonuclear
neutrons [40]. They can more easily achieve higher
implosion velocities than conventional hot spot tar-
gets and, due to their low convergences, are tolerant
of asymmetries in the drive. However, they do not
scale to high gain because all the target mass is on a
high isentrope, which precludes high compression.

We employed the LASNEX radiation–
hydrodynamic code [41] to find optimal targets
with the following fixed assumptions: a laser energy
of 1 kJ at a wavelength of 1.06 µm symmetrically
illuminates the glass DT filled micro-spheres. A
fixed fraction of 20% of that energy is assumed to be
absorbed, and the energy is distributed into a ’hot
electron’ thermal distribution, whose temperature
TH is given by the formula

TH (keV) = 30.0(Iλ2)0.4. (14)

This formula is in reasonable agreement with data
from short pulse, high intensity laser–plasma inter-
action experiments and with Eqs (1) and (4) from
Section 4. Here the laser intensity I is in units of
1017 W/cm2 and the wavelength λ is in units of
1.06 µm light. The hot electrons then transport their
energy throughout the target (chiefly heating the
dense glass shell) as well as driving the expansion
of the outer part of the target.

In the optimization search, we varied the pulse
length of the laser, the radius of the shell, the thick-
ness of the shell and the fill density of the DT fuel.
The quantity TH varied as we changed the pulse
length or shell radius, since at fixed energy the inten-
sity I varies inversely with the pulse length and
R2. In general the optimization procedure converged
rapidly, by following the scaling arguments presented
in Rosen and Nuckolls [42].

Yields in excess of 1012 neutrons per shot were
produced by several combinations of parameters: for
example, a 60 µm radius, 3 µm thick shell illuminated
by a 15 ps FWHM Gaussian pulse and filled with
0.025 g/cm3 DT gas, converged a factor of 3 from
the initial fuel pusher radius to the minimum fuel
pusher radius. As another example, a 45 µm radius,
4.5 µm thick shell illuminated by a 15 ps FWHM

Gaussian pulse and filled with 0.05 g/cm3 DT gas
also exceeded 1012 neutrons. In both examples the
peak ion temperatures exceeded 10 keV. Thus, a
10 Hz driver would supply ∼1014 n cm−2 s−1 at a
sample 1 mm away from these targets.

We have also performed 1-D studies for targets
that could be illuminated by a petawatt class facil-
ity at lower total energy. Here, we held fixed a 400 J
laser source. An optimization study, otherwise iden-
tical to that described above, found target parame-
ters that yielded 1011 neutrons/shot, more than ade-
quate for good detection statistics. For example a
30 µm radius, 3 µm thick shell illuminated by a 7.5 ps
FWHM Gaussian pulse and filled with 0.05 g/cm3

DT gas achieved such a yield, with a convergence fac-
tor slightly larger than 3. Clearly, experiments may
be within reach on present or near term facilities that
can assess the predictions and, in particular, explore
the cost trade-offs of illumination asymmetry perfor-
mance.

We note that LASNEX simulations have also
been performed by Callahan-Miller [43] on heavy ion
driven, exploding pusher targets. She obtained yields
of ∼5 × 1013 neutrons/pulse from the deposition of
5 kJ of heavy ions in ∼35 ps into a 10 µm gold shell
surrounding a 35 µm radius cryogenic DT core. This
represented a fusion gain Q ∼ 0.3%.

All of the above exploding pusher results were
from 1-D simulations. Unlike conventional ICF tar-
gets, exploding pusher capsules do not require high
compression ratios nor the creation of a central
ignition hot spot. They are, therefore, tolerant of
asymmetries in the drive and do not require high
illumination symmetry. However, the effect of 2-D
and 3-D asymmetries on capsule performance clearly
needs to be addressed. Trade-offs between the per-
formance of one and two sided illumination versus
the requisite expense of two sided illumination driver
schemes cannot be answered without such analyses.
In the schematic diagram of Fig. 2, we show only
single sided illumination of the capsule. Adequate
performance under 2-D modelling may require two
sided illumination but not uniform illumination over
4π. Such 2-D and 3-D analyses may also highlight
deficiencies in the above clean 1-D yields.

7. 1-D target analysis

In this section, we extend the 1-D slab model from
Section 5 to model fast ion production, slowing down,
substrate temperature rise and substrate hydromo-
tion, to obtain an approximately self-consistent case
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Table 2. Target parameters from the 1-D model as a function of laser irradiance, Iλ2, for laser specifications of

100 J/pulse, 100 Hz repetition rate and a focal spot diameter (FWHM) of 50 µm. The pulse duration is determined by

the irradiance requirement.

Laser irradiance Iλ2 (W µm2/cm2)

1015 1016 1017 1018 1019

Laser power (W) 1.79× 1010 1.79 × 1011 1.79× 1012 1.79 × 1013 1.79 × 1014

Required pulse durationa (s) 5.58× 10−9 5.58 × 10−10 5.58× 10−11 5.58 × 10−12 5.58 × 10−13

Hot electron temperature of T2 7.43 20.7 57.5 160 445

frost layer (keV)

Mean fast ion energy Ē0 (keV) 25.2 70.0 195 542 1510

Fast ion range in D2 substrate (cm) 0.00141 0.00802 0.0175 0.0257 0.0343

(= optimum substrate thickness)

Mean substrate temperature T (keV) 0.158 0.454 0.409 0.317 0.236

Average neutron yield at 100 Hz 1.86× 1011 2.32 × 1013 1.38× 1014 7.13 × 1013 2.11 × 1013

(neutrons s−1)

Yield/shot (neutrons per shot) 1.9× 109 2.3× 1011 1.4× 1012 7.1× 1011 2.1× 1011

Fusion Q value 5.3× 10−5 0.0066 0.039 0.020 0.0059

14 MeV neutron flux at sample 1.08× 1012 1.45 × 1014 9.47× 1014 5.27 × 1014 1.66 × 1014

(cm−2 s−1)b

a Determined by required laser irradiance (Iλ2) at fixed energy and focal spot size.
b Measured at the front face of specimen; mid-specimen fluxes would be little different due to their small size (∼0.1–1 mm).

for neutron production as a function of the laser
intensity for the target design of option 1.

We operate in the medium irradiance regime (i.e.
Iλ2 ≤ 1018 W µm2/cm2) with a target design of the
form shown in Fig. 3. Here, laser energy is initially
absorbed by the electrons via collisional absorption
followed by subsequent transfer to fast ions which are
responsible for heating the target substrate material.
Thus, determination of the ion dE/dx and resulting
range in the substrate requires the determination of
the coupled, time dependent substrate temperature
T according to

d

dt
(3nkT ) ≈ Elηion(1− ηscatt)

Vsubst (T, Ē0)τeff (T, Ē0)

− 3nkT
τE(T, Ē0)

− Prad(T ). (15)

The first term on the RHS is the power deposited
per unit volume in the substrate due to fast ions.
Here, Vsubst (T, Ē0) is the heated substrate volume
and is a function of substrate temperature T (one
fluid model) and the initial mean fast ion kinetic
energy Ē0 through the ion slowing down range. The
effective time constant for ion heating of the sub-
strate is taken as τeff (T, Ē0) ≈

√
τ2 + τ2

ion , and is
determined by the longer of the laser pulse length,

τ , and the time for ions to be accelerated across the
sheath and slow down in the substrate, τion . The
second term on the RHS of Eq. (15) is the rate of
thermal energy loss. As each side of the substrate
is a vacuum boundary, we neglect electron heat con-
duction and take τE(T, Ē0) ∼ R(T, Ē0)/cs(T ), where
R(T, Ē0) is the substrate thickness set equal to the
ion slowing down range and cs(T ) is the sound speed
for substrate disassembly. The ion slowing down and
subsequent electron heating of the substrate occurs
in the 10–10 ps time frame, i.e. much shorter than
the thermal disassembly time of the substrate. Thus
the substrate flashes to a solid plasma of tens to hun-
dreds of eV. The third term on the RHS of Eq. (15)
is radiation loss via bremsstrahlung, which scales as
∼T 1/2.

Table 2 shows the results of applying Eq. (15) to
the target design of Fig. 3 for the following laser
conditions: energy/pulse El = 100 J, repetition rate
rl = 100 Hz (average power of 10 kW), λ = 1 µm,
a focal spot size (FWHM) of dl = 50 µm, and
where the laser irradiance Iλ2 is varied from 1015

to 1019 W µm2/cm2 by adjusting the pulse length τ
from 3.18× 10−8 to 3.18× 10−12 s, respectively. The
focal spot diameter of 50 µm is determined by a tar-
get stand-off distance of 1 m from the final focusing
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optic, and the assumption of a 2.5 times diffraction
limited beam. At each irradiance, we apply Gitomer’s
empirical scaling from Eq. (1) to obtain the initial
hot electron temperature of the tritium frost layer
and then deduce the mean energy of the expelled
fast ions Ē0 by the sheath potential through which
they are accelerated as expressed by Eq. (2). As the
literature does not yet reveal consistent scalings for
the efficiency of fast ion production versus Iλ2, we
take ηscatt = 30% and ηion = 30% as in Section 5.
From Eq. (15), we then solve for the resulting tar-
get temperature and optimum substrate thickness,
where the latter is determined by the ion slowing
down rangeR(T, Ē0). Finally, from the formalisms of
Eq. (7) through (13), we compute the resulting neu-
tron yield, the required carbon debris shield thick-
ness, the stand-off distance from the target to the
material test specimen, and the neutron flux at the
front face of the latter.

We see from Table 2 that the mean fast ion ener-
gies range from ∼25 keV at Iλ2 = 1015 W µm2/cm2

to ∼1.5 MeV at Iλ2 = 1019 W µm2/cm2. Across
this range, the substrate temperatures are several
hundred eV and the range is only a weak function
of irradiance because the increased heating rate is
balanced by a longer ion range and thus a larger vol-
ume for power deposition. Below∼1015 W µm2/cm2,
however, the substrate temperature will fall rapidly.

Also from Table 2 we note an optimum in the
fusionQ and the neutron flux at the specimen around
Iλ2 ∼ 1017−1018 W µm2/cm2, a result of three
factors:

(a) Increasing mean fast ion energy with increas-
ing Iλ2 results in fewer fast ions in total for the fixed
laser energy of 100 J/pulse and fixed ηion ,

(b) Higher mean fast ion energies give diminishing
returns relative to the peak of the DT cross-section
at 160 keV,

(c) Higher mean fast ion energies have longer ion
ranges in the substrate thus requiring greater sub-
strate thicknesses and greater stand-off distances to
the sample.

Thus, given this model, irradiances of Iλ2 ∼ 1017

appear to be optimum to maximize the 14 MeV neu-
tron flux at the front face of the specimen at around
1015 cm−2 s−1 for this target type. However, we make
the following caveats:

(i) Our thin target, space charged limited model
for fast ion acceleration may not be applicable at
Iλ2 ≥ 1018 where the hot electrons become relativis-
tic and direct fast ion production becomes efficient

(Section 4). An option here perhaps is to switch to a
single region DT target as in option 2.

(ii) A constant fast ion production efficiency of
ηion ∼ 0.3 is assumed [11, 12, 15, 19, 24–26]
although, in reality, this is a complex function of Iλ2

and target conditions. Quantitative experiments are
required to determine predictive behaviour.

(iii) The neutron fluxes in Table 2 are computed at
the front face of the specimens. Due to the small size
of the samples (∼100–1000 µm), the mid-specimen
fluxes would not decrease appreciably. However, the
numbers in Table 2 also assume the attainment
of closed coupled specimens with target–specimen
stand-off distances of ∼0.2 cm. Should larger clear-
ances of, say, 0.5 cm, be required in a fully practi-
cal system, these fluxes will be reduced by a factor
of ∼10.

The capital cost of a full irradiation facility based
on the results of Table 2 for a 10 kW average power
laser system, might be in the range ≤US M$100.
This preliminary estimate is based on a laser and
target facilities cost obtained by scaling with power
from the present ‘Mercury’ diode pumped, solid
state experimental facility at LLNL [44]. Also, we
assume ∼US M$50 for conventional facilities includ-
ing shielded experimental areas, hot cells and build-
ings per the conceptual design of the International
Fusion Materials Irradiation Facility [10].

8. Applications to
fusion material research

Capabilities for multiscale, predictive modelling
of radiation induced microstructure and mechan-
ical property changes in irradiated materials are
reaching a high degree of sophistication. Physically
based modelling and simulation tools can be cou-
pled across all relevant length and time scales [45].
Of course, such models require stringent validation
in order to become fully viable predictive tools. The
14 MeV neutron source concepts proposed here offer
the potential to irradiate materials at different tem-
peratures, fluxes and pulse rates. When coupled with
advanced, post-irradiation assay techniques, such
results could play an important role in the devel-
opment and validation of such multiscale modelling
tools which can then be applied to predict the extra-
polated behaviour of full size, engineering scale
fusion materials.

At the shortest timescale, molecular dynam-
ics (MD) simulations on ASCII class massively
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parallel computers can describe the form of the pri-
mary damage state [46–58], i.e. the number and state
of clustering of the produced defects as a function of
recoil energy. To link the timescales, kinetic Monte
Carlo (KMC) methods are used to determine how
the produced defects are able to escape their nascent
cascade and migrate through the lattice to produce
microstructural and microchemical changes [46, 49–
53]. These linked MD–KMC simulations can be car-
ried out at doses and dose rates identical to those
used in a given set of irradiation experiments. Their
output is the spatial and temporal distribution of
defects, impurity atoms, voids, impurity precipitates
and sink (dislocation) microstructure.

Our post-irradiated microspecimens would be
used to comprehensively validate these models using
the assay techniques of micromechanical testing,
transmission electron microscopy, synchrotron based
X ray diffraction, etc. [45]. Then, employing 3-D dis-
location dynamics simulation codes [54–58], these
data would be used to predict how these microstruc-
ture features alter the mechanical properties of bulk
irradiated material. Such simulations provide a com-
plete description of the plastic behaviour of a single
grain of material and of the microstructure devel-
opment under an applied load, including the lock-
ing and immobilization of dislocation by irradiation
induced loops and precipitates. Moreover, the simu-
lations provide a prediction of the stress–strain curve
for a given starting microstructure and thus a pre-
diction of the yield stress and the strain hardening
exponents as a function of irradiation dose. Finally,
the constitutive relations obtained from these fun-
damental studies can then be used to provide pre-
dictive strength models for polycrystalline materi-
als (e.g. vanadium alloys) or composites (e.g. C–C
and SiC–SiC) for use in continuum computer code
simulations including full 3-D finite element codes.
Therefore, the small dimensions of the irradiated
specimens (∼100–1000 µm) envisaged for use here do
not present any fundamental limitation in our abil-
ity to characterize large irradiated volumes of sin-
gle materials. Of course, our small volume samples
cannot generate composite data on the behaviour
of large scale, engineering structures, for example,
a welded blanket module comprising a number of
heterogeneous materials and coolants. This will have
to await the construction of an engineering test
reactor of appreciable fusion power (>100 MW)
and costs in the multi-billion dollar range. Accord-
ingly, a cost effective, high yield laser neutron source
can be viewed as a near term complementary

facility to provide a comprehensive predictive
database for polycrystalline and composite struc-
tural materials.

In future ICF power plants, the response of struc-
tural materials to the pulsed nature of neutron irradi-
ation may be different to that sustained under steady
state continuous irradiation [58, 59]. The main rea-
son for this is that the vacancy mean lifetime can be
shorter than ∼0.1 s at elevated temperatures, thus
enhancing the annealing kinetics of the microstruc-
ture. Under some conditions the materials response
at the same dose and temperature is enhanced, while
it is reduced under other conditions, as compared
with steady state irradiation. Differences have been
demonstrated for irradiation swelling [60–62], irra-
diation creep [63, 64], point defect production [57]
and irradiation hardening [62]. Under intense pulsed
irradiation, the temporal rate of damage production
is significantly increased, leading to well known rate
effects on the response of materials. Clustering of
point defects is enhanced, and point defect recombi-
nation is also increased. This is a direct result of such
reactions being of a non-linear nature, similar to sec-
ond order chemical reactions. Accordingly, the micro
neutron source presented in this article might also
prove a useful experimental facility to explore these
basic aspects of pulsed irradiation for applications in
ICF systems if laser repetition rates are kept below a
few hertz. On the other hand, if the pulsing frequency
is greater than a few tens of hertz, it is expected
that the response of the material will approach that
of steady fusion irradiation. Thus, by adjusting the
pulse repetition rate, the facility could, in princi-
ple, be tailored to give materials damage informa-
tion for both ICF and magnetically confined fusion
systems.

9. Recommendations for
further research

We have shown the potential for using fast pulse,
high intensity lasers to produce 14 MeV DT neu-
tron fluxes of around 1015 n cm−2 s−2 at fusion
material test specimens of dimensions ∼0.1–1 mm.
Because of the small target volumes and the removal
of input driver heat by sacrificial vaporization, such
laser driven plasma targets are potentially able to
produce high neutron fluxes at modest cost relative
to conventional beam–target neutron sources with
cold (i.e. solid or liquid) substrates. Principal issues
requiring further R&D include:
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(a) Quantitative experimental data on the inter-
action of fast pulse, high intensity lasers with targets,
particularly the mechanisms for high efficiency fast
ion production;

(b) PIC simulations and experiments with can-
didate targets to project neutron yields and fusion
gains attainable with affordable laser energies of
∼100 J to ∼1 kJ, repetition rates of ∼10–100 Hz,
and average power levels of ≤10 kW;

(c) Engineering designs of practical laser–target
systems for the stand-off and protection of close cou-
pled micromaterials specimens;

(d) A materials science/computational effort to
couple the evaluation of post-irradiation, micro-
specimen assays to multiscale, predictive modelling
codes.
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