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Abstract. Neutron fluxes of up to 7× 107 neutrons/sr were measured when planar deuterated
targets were irradiated with 1.3 ps FWHM (full width at half maximum) laser pulses at a
wavelength of 1054 nm and focused intensities up to 1019 W cm−2. The neutron energy spectra
are consistent with an angularly dispersed beam target interaction, whereas a thermonuclear
source is considered unlikely.

The fast ignitor scheme for inertial confinement fusion (ICF) has recently been proposed
[1]. In this scheme, short-pulse, high-intensity laser radiation creates energetic electrons at
the critical density surface of an already compressed high-density plasma. These electrons
are transported into the deuterium–tritium fuel and heat it to thermonuclear temperatures
before it has time to disassemble. There is a considerable saving of laser drive energy as
the creation of a hot spark at the centre of the compressed fuel is no longer required, and
the laser symmetry requirements can be significantly relaxed. For this scheme, fundamental
experiments need to be carried out to characterize the generation of fast electrons and ions,
and their associated energy transport throughout the target.

Measurements of the number of fast electrons and their characteristic temperature can
be achieved by the established technique of Kα spectroscopy [2]. However, measurement
of fast ion transport is complicated by the extremely strong electrostatic fields that are
generated. Ion measurements made outside the target will be characteristic not of their
behaviour in the plasma during the interaction, but of the expansion of the plasma, which
is driven by the fast electrons [3]. Thus to determine the fast ion behaviour in the plasma
during the interaction, other more direct diagnostics need to be used.

Position sensitive neutron spectroscopy is just such a technique. Energetic deuterons,
created during the interaction of a high-intensity laser pulse, produce neutrons as a result
of collisions, either thermally or by a beam target (high-energy ion incident on a relatively
slow ion) type interaction. Neutron measurements in the forward and backward directions
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are a very sensitive measure of any systematic motion of the centre of mass of the reacting
ions and will register either as an upshift or downshift in neutron energy, depending on
the position of the detector. The technique should differentiate between ion motion into
and out of the target: 2.5-dimensional particle-in-cell (PIC) calculations predict that a
substantial percentage of the laser energy is transferred to ions directed into the plasma
[4]. Similarly, position sensitive neutron spectroscopy can differentiate between fast ions
impacting deuterons deposited on both diagnostic equipment and the walls of the vacuum
vessel [5].

The experimental configuration used was similar to that used in other experiments at
the Rutherford Appleton Laboratory [6, 7]. The VULCAN laser, operating at a wavelength
of 1.054µm, gave pulses of 1.3 ps duration [8]. An equivalent plane monitor showed the
laser was focused to a 12–15µm focal spot. An off-axis parabolic mirror of 44 cm focal
length focused between 8–20 J of p-polarized laser radiation at 30◦ angle of incidence onto
either a massive flat deuterated polystyrene (C8D8) target of∼120µm thickness, or onto a
cryogenically cooled deuterium pellet of 1 cm diameter and 5 mm thickness.

The neutron diagnostics consisted of current mode time-of-flight detectors, silver
activation counters andγ -ray insensitive CR-39 plastic nuclear track detectors. The current
mode time-of-flight detectors comprised a scintillator/photomultiplier combination and were
based on the Lawrence Livermore National Laboratory (LLNL) design [9]. They were
located behind the target outside the chamber at a distance of 1.21 m at 145◦ from the
target normal, and at 1.18 m in front of the target in the target normal direction at 0◦.
On some shots, the time-of-flight detector located behind the target was moved to the 0◦

position at a distance of 1.96 m. The activation counters were placed at a distance of 1 m
from the target at 20◦.

The CR-39 detectors were covered in 3 mm of lead to stop all energetic charged particles
from the plasma impinging on the detector. The lead filter has a negligible effect on the
transmission of neutrons with energies between 1 and 4 MeV. The neutrons can then be
detected by observing the knock-on protons in the CR-39. CR-39 records charged nuclear
particles as tracks which are etched into the surface of the detector after exposure. Each
incident ion produces a separate etch track, the dimensions and depth of penetration of which
enable the energy and the atomic number of the fast ions to be individually determined
[10]. In this way, neutrons of a particular energy produce a characteristic distribution of
proton track size which is different from that of neutrons of a different energy. These
distribution shapes are extremely sensitive to the incident neutron energies of63 MeV.
A maximum entropy unfolding technique, similar to that used in image deconvolution
[11] is then applied to the recorded track size distribution to produce a neutron spectrum.
This technique selects the optimum neutron spectrum by matching a predicted track size
distribution to the measured data. The spectrum which is produced is the flattest (maximum
entropy) neutron distribution where the measured and predicted proton distributions are
consistent with each other. The resulting spectrum will then only contain those significant
features which are required to fit the predicted proton track distribution to the measured data.
The neutron spectrum derived from the maximum entropy unfolding technique are limited
to energies up to 3 MeV due to the progressive reduction in track size of the knock-on
protons for higher neutron energies. The detectors were calibrated against a test exposure
of a known 2.5 MeV neutron flux from the National Physical Laboratory, UK.

Yields in the range 8×106–7×107 neutrons/sr for C8D8 and D2 targets were measured
by the track detectors and confirmed by the activation counters. Figure 1 shows a neutron
spectrum calculated by unfolding the proton distribution by the maximum entropy method
described above for a C8D8 irradiated target. Figure 1(a) shows the spectrum from detectors
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(a)

(b)

Figure 1. Neutron energy spectra derived from a maximum entropy unfolding of the knock-on
proton track size distribution for detectors in the 145◦ (a) and the normal incidence (b) positions.

located behind the target at 20 cm and 145◦ to the target normal and figure 1(b) is that from
detectors located at 20 cm and 0◦. The spectra were integrated over six shots to improve
the signal-to-noise ratio. The average intensity on target was 8× 1018 W cm−2. The
spectral distributions have a quasi-Gaussian profile and both have an energy full width at
half maximum (FWHM) of 680 keV. However, extensive calculations have shown that it is
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possible to generate a Gaussian-type neutron distribution even from very non-Maxwellian
ion velocity distributions and it is not possible to deduce a thermonuclear interpretation
from the shape of the neutron spectra alone [12]. The neutron spectra have a systematic
centring error of±100 keV (corresponding to an upper limit in the centre-of-mass motion
of ±8 keV) due to uncertainty in the proton track calibration in the CR-39. The spectra
are centred at 2.3 MeV and 2.35 MeV for the forward and backward direction detectors,
respectively, which is within the centring error of the technique for 2.45 MeV neutrons.
Detectors located on the chamber wall at 55 cm from the target showed a signal 1/8 of the
level of the main detectors, confirming a 1/R2 fall off from the chamber centre.

Although the CR-39 detectors have a limited spectral range, they are insensitive to
γ -radiation. On the other hand, the current mode time-of-flight detectors (ornTOF) are
sensitive to x-rays and gamma rays, although they do have a much larger spectral range.
Each of thenTOF detectors was housed in a lead ‘pig’ to reduce this sensitivity. These
pigs entirely enclosed each detector and provided at least 2.5 cm of Pb shielding to the
sides and the back. The pig enclosure included 0.6 cm of Pb to the front of the detector;
additional amounts were used in front and were varied from 2.5 to 12.5 cm during the
course of the experiment. Despite this large amount of shielding, hard x-ray fluxes on these
shots were so high that saturation of thenTOF detectors was a major problem. For some
shots, the detectors saturated so badly that there was no charge available at neutron arrival
time. For these shots thenTOF detectors could not even determine if neutrons were present.
This problem was somewhat reduced when D2 targets were irradiated due to the reduced
bremsstrahlung emission generated during the interaction.

The signals from the cryogenically cooled D2 target appear to divide into two categories,
DD neutrons producing a relatively sharp peak at 2.45 MeV and multi-MeV neutrons with a
broad energy distribution. The DD peak is observable mostly just on lower intensity shots.
Figure 2 shows two signals for D2 targets from the current mode time-of-flight detectors
located at the normal incidence, 0◦ position at 1.18 m. The targets were irradiated at
intensities of (a) 9×1017 W cm−2 and (b) 5×1018 W cm−2. At intensities of 1018 W cm−2

on target, the d(d, n)3He reaction appears with a maximum yield of∼107. This is illustrated
in figure 2(a), where the 2.45 MeV peak is relatively sharp. As the intensity on target
increases to 5× 1018 W cm−2, the time-of-flight signals broaden, and become anisotropic.
This is illustrated in figure 2(b). Energy spectra,P(E)dE, can also be produced from the
time-of-flight signals. Shot 6021813 is one of the higher quality data points and its energy
spectrum is shown in figure 3. In this case, both detectors were located at the normal
incidence 0◦ position at 1.18 cm and 1.96 cm. Since the time spectra for most shots are
similar, it can be concluded that this is a typical energy spectrum. The fact that both spectra
in figure 3 are similar when the solid angles for the detectors are taken into account confirms
the production of neutrons.

We will now analyse six possible generation mechanisms: (a) beam–heat shield
27Al(d, n) reactions, (b) photodisintegration of deuterium, (c) late timeγ -radiation,
(d) thermonuclear and (e) beam–target-type processes, and finally (f) bulk plasma motions.
The beam–heat shield27Al(d, n) reactions can produce a neutron energy spectra that contains
lower energy neutrons for the D2 target. However, similar yields were measured by the
activation counters for both D2 and C8D8 targets (the deuterium density is similar for both
targets). This casts doubt on this process simply because the C8D8 targets clearly required no
heat shield. Both the 1/R2 fall off in yield for the CR-39 neutron detectors and the time-of-
flight spectra in figure 3 tend to rule out a beam–wall interaction process. The differences
between the spectra for the two targets in figures 1 and 3 do tend to rule out photo-
disintegration of deuterium byγ -radiation, as one would expect the lower neutron energy
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Figure 2. Time-of-flight signals for D2 target irradiated at (a) 9× 1017 W cm−2 and
(b) 5× 1018 W cm−2.

component to increase for the deuterated plastic targets due to the increased bremsstrahlung
emission resulting from the higherZ of the target material.

If late time γ -radiation is occurring over an extended period (which may be due to a
succession of much lower intensity post pulses hitting the target), then this may register on
the current mode time-of-flight detectors as a false lower energy component. This then leads
us back to considering the neutron spectrum derived from the track detectors in figure 1.
Here the neutron energy spectra strongly suggest their production by fusion of deuterium
nuclei. Given the small Doppler shift and spectral width (680 keV from figure 1) the obvious
hypothesis is that the neutrons originate in a thermonuclear plasma. If we hypothesize that:
(i) the neutrons originate in a hemisphere (radiusR) of uniformly heated solid density plasma
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Figure 3. Neutron energy spectra dN/dE derived from time-of-flight signals for detectors
located in the normal incidence direction at distances of 1.18 m (A) and 1.96 m (B) for a D2

target irradiated at 5× 1018 W cm−2.

(temperatureTplasma) centred on the middle of the laser spot, (ii) the electron deuteron and
carbon temperatures are equal, (iii) the laser energy absorbed in this plasma isEabsorbedand
(iv) fusion reactions occur during the time for hydrodynamic expansionτhydro ∼ R/csound

wherecsound is the isothermal sound speed then the neutron yield should be

N ≈
(
Eabsorbed

10 J

)4/3(
Tplasma

30 keV

)−7/12

1.4× 108 (1)

where the approximation has been made that the neutron production rate is proportional to
T 5/4 in the range of interest. IfTplasma= 30 keV andEabsorbed= 10 J (which is reasonable
given the 40–60% absorption fractions inferred from the experiments of Beget al [7] and
Zepf et al [13]) then the radius of the plasma isR = 10 µm and the expansion time is
τhydro∼ 8 ps. The temperature dependence is relatively weak and a low value is indicated by
the large neutron yield, butTplasmacannot be much less than 30 keV because the fusion rate
drops of rapidly below 20 keV and the neutron spectra imply a temperature closer to 70 keV
[12]. Hence a thermonuclear interpretation cannot easily explain the large neutron yield.
Further reasons for rejecting the thermonuclear interpretation are that: (i) the Coulomb mean
free path for 400 keV fast electrons generated at intensities of 1019 W cm−2 [7] is vastly
greater than the 10µm radius in which the energy must be deposited to heat the plasma to
thermonuclear temperatures, (ii) a thermonuclear plasma is not easily established because
the collisional equilibration time is many hundreds of ps, (iii) the cooling time of a 30 keV
plasma of 10µm radius due to electron thermal conduction is less than 0.1 ps.
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We now analyse the possibility that a beam–target-type interaction could produce up to
7×107 neutrons/sr, as a result of hole boring [14]. In the case of hole boring, electrons are
accelerated into the target as a result of resonance absorption,v ×B or vacuum heating.
This sets up an electrostatic field due to charge separation which accelerates the ions into
the target. The electron density is seven times the deuteron density. If the absorbed
laser energy of 10 J were divided in this proportion between electrons and deuterons and
the deuterons were heated to 100 keV (the minimum for efficient neutron production, in
keeping with the ion measurements and possibly arising from the electrostatic fields around
the target surface) then the number of energetic deuterons would be 8× 1013. The neutron
generation cross section and the Coulomb cross section for energy loss to cold background
carbon ions, deuterons and electrons (multiplied byne/nD to allow for their larger number
density) are:σfusion = 1.7× 10−30 m2; σDC = 4× 10−26 m−2; σDD = 7× 10−27 m−2;
and (ne/nD)σDe = (Te/keV)−3/2 8× 10−25 m2. The Coulomb cross sections are derived
from Nishikawa and Wakatani [15] for relaxation of a 100 keV Maxwellian distribution of
deuterons with log3 = 5. If the electron temperature is greater than 7 keV, the energetic
deuterons lose their energy predominantly to background carbon ions. The ratio of the
neutron production to the Coulomb cross section is 4× 10−5, so the expected neutron
yield would be 2.4 × 108 neutrons/sr which is close to the largest observed yield. If
the electron temperature is less than 7 keV, the Coulomb cross section is greater and the
neutron yield is less by (Te/7 keV)3/2. However, an electron temperature of 7 keV or
greater is not unreasonable since the deuterons themselves would heat the plasma as they
lost energy. If the energy of the energetic deuterons were greater than 100 keV, the fusion
cross section would be greater and the Coulomb cross section less, favouring an increased
neutron production. Can the deuteron energy be much less than 100 keV? Slaughter [12]
has shown that a Maxwellian ion distribution produces a neutron spectral width which is
identical to that produced by a monoenergetic deuteron beam with a mean energy two to
four times higher. The 680 keV spectral width from figure 1 implies a 70 keV temperature
if the distribution is Maxwellian. Consequently, the deuteron beam cannot have an energy
much less than∼100 keV and still be consistent with the observed spectra. We therefore
conclude that a beam–target-type interaction is energetically feasible, but requires efficient
transfer of energy to the deuterons, which is not easily explained, but might result from the
electrostatic fields around the target surface.

The isotropy and lack of systematic Doppler shift in figure 1 for C8D8 targets may be
taken to imply a thermonuclear origin, but this can equally be explained if the energetic
deuterons were produced with some degree of isotropization, or were isotropized by angular
scattering off of the carbon ions. Indeed, the cross section for isotropization by angular
scattering is about six (the carbon-to-deuteron mass ratio) times greater than the Coulomb
scattering cross section energy for energy loss to background carbon ions. Thus, a relatively
isotropic deuteron, and therefore neutron, distribution would be expected.

Another possible explanation for the observed spectra in figure 3 is that of bulk plasma
motion, which can also produce much lower energy neutrons. Suppose that energetic ions
are either directed into the target as a result hole boring or are away from the target in
the blow-off plasma. When considering either case, transfer to the plasma flow frame
of reference. Let these deuterons have a Maxwellian distribution, and, for the moment,
neglect collisions with the stationary deuterons of the background plasma (the beam–target-
type process discussed above). These deuterons can interact with each other via ‘transverse’
collisions at relatively low velocities. These collisions produce neutrons with an energy that
is close to 2.45 MeV in the centre-of-mass frame of reference. When transformed back to
the laboratory frame, significant shifts in neutron energies occur. The fact that the CR-39
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neutron detectors do not register many lower energy neutrons for the C8D8 case does suggest
that there may be differences in the ion dynamics for pure deuterium targets compared with
deuterated plastic targets.

In conclusion, we have presented the first observations of high neutron fluxes when
deuterated targets were irradiated with 1054 nm, picosecond laser pulses of 8–20 J at
intensities approaching 1019 W cm−2. At lower intensities, the d(d, n)3He reaction is
observed with yields of∼107. As the intensity increases, yields of up to 7×107 neutrons/sr
are obtained. Our analysis has shown that a thermonuclear source for these higher yield
neutrons is unlikely, but a beam–target interpretation is energetically feasible. Distinguishing
between the beam–target and bulk plasma motion processes from the observed neutron
spectra for the different target materials will be the subject of further investigation. We
believe the results presented here suggest that energy deposition from fast ions may play a
significant role in the fast ignition scheme for ICF.
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