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Neutron emission as high a$0’ is observed when a high intensity (a few' W/cn?)
subpicosecond laser pulse at 529 nm wavelength is focused on a deuterated polyethylene target.
Neutron emission is also measured in different directions. The emission of neutrons along the laser axis
is higher than in the transverse direction. Nonisotropic emission is consistent with neutrons generated
by D(d, n)-*He reaction for 0.3—1 MeV deuterons accelerated in the direction of the laser beam. The
energy transferred to the ions is roughly estimated and compared with the energy carried out by the
electrons. [S0031-9007(98)08299-4]

PACS numbers: 52.40.Nk, 52.50.Jm, 52.70.Nc

The development of chirped pulse amplification hasKDP crystal increase the contrast ratiol@®? at 529 nm.
made possible the generation of energetic subpicosecorithe optical intensity before the pulse is insufficient to
laser pulses [1]. The interaction of the laser pulse withonize the target, so the pulse interacts directly with the
a target generates energetic particles, like MeV electronsolid target and not with a plasma.
and ions [2]. The fast ignitor concept [3], relevant to the The target is made from deuterated polyethylene pow-
inertial confinement fusion (ICF), enhances the interest imler compressed to solid density. The compressed disk has
this process: Hot particles could heat to thermonucleaa density ofl g/cm?® = 10% and is400 + 50 wm thick.
temperature an already compressed deuterium-tritium fueThe composition of th€CD,), target, analyzed by nu-

High-intensity subpicosecond laser pulses produce fastlear magnetic resonance, is 92% of deuterium and 8% of
neutrons when they interact with a deuterated target [4]nydrogen by atom.

Hot deuterium ions create neutrons from(dDn)->He Neutrons are detected by th&B(xn, a)’Li reaction in
reaction. Measurements of this neutron emission is a BF detector. The Bftube (5 cm in diameter, 45 cm
useful method to diagnose fast ions (in the keV to MeVin active length) is located inside a cylinder made of
range) generated by the interaction of the laser with thgolyethylene (0.7 m in length, 15 cm in diameter, 5 cm
target. Particle-in-cell (PIC) calculations show that high-in thickness). The counter is shielded with a 5 mm
energy ions are accelerated by a shock wave propagatinbick lead sheet. Fast neutrons are slowed to thermal
inside the target [5—7]. It knocks the ions along theenergy in the polyethylene moderator before interacting
direction of the laser propagation [8], but collisions stopwith the boron. Neutrons are discriminated against MeV
the ions in the thickness of the target. Neutron emissiophotons by pulse height. The detector sensitivity is nearly
can identify these ions which cannot be directly measuredndependent of neutron energy in the 0.1 to 6 MeV range

Here, we report neutron emission from a deuteratedl0]. For neutronsinthe eV range, the sensitivity is limited
polyethylene target irradiated with a subpicosec-by transmission of the polyethylene and the lead sheet
ond 529 nm laser. The focused intensity is a few(4 X 1073).

10" W/cn?. The experimental conditions are similar The BFR detectors are calibrated with an AmBe neutron
to other experiments [1,9]. The laser system provides gource emittingl.42 X 10° neutrongsec. This source is
chirped pulse with energies up to 30 J at the fundamentdbcated at the center of the interaction chamber, and the
wavelength ofl.058 um. After compression by a pair of counting time is 300 sec. We perform the same measure-
diffraction gratings, the pulse duration, measured by aments without the neutron source in place to estimate the
autocorrelation method, is routinely 400 fs. A KPO, contribution of the background. The contribution of the
(KDP) crystal is used to convert the laser beam to 529 nnbackground to the neutron count is at maximum 20% and
with an efficiency of 70%. The pulse duration is lessis subtracted from the total counts measured with a neu-
than 300 fs. Anf/3 off-axis parabolic mirror focuses tron source. The sensitivity of the counters is expressed in
the laser pulse to &-um-diameter spot containing terms of the number of source neutrons per count detected.
about 30% of the total energy. The highest intensity isThe same calibration procedure is done with &€fission

3.5 X 10" W/cn? for a laser energy of 7 J at 529 nm.  source with an energy spectrum centered at 2 MeV. This

At 1.058 um, the contrast ratio measured at a few tensnergy is close to the neutron energy of the/B)->He
of picosecond before the main pulse by a third order crosgeaction. The calibration coefficients from the two proce-
correlator is108. Three dichroic mirrors located after the dures agree to within 10%.
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Experimentally, we count for a period of00 us  production, attributable to small variations in the flux at
after the laser pulse. Signals in the figgs which are 529 nm. The highest level of neutron emissiaf’(/4 )
compromised by electromagnetic noise and direct x-rayequires the maximum laser intensity at 529 nm which
emission interaction into the tube are not included inis difficult to reproduce because of fluctuations in the
the data. Most of the counts occur in the fi2i0 us  wavelength conversion efficiency. We concentrate on the
which corresponds to the response time of the detectogharacterization of the interaction for the typical laser flux
no neutrons are detected aftsd0 us. Correction due of 2 X 10'° W/cn?, for which the neutron yield is from
to background is negligible because the counting time id0° to 10°. These levels of neutrons and laser flux are
short. The experimental error is mainly due to statisticaroutinely obtained on the facility.
fluctuations: The accuracy of the measurements dependsFast electron levels and spectra are also measured using
on the number of counts detected and is typically 10%-a magnetic spectrometer located 16.5 cm behind the target
50% (standard deviation). in the direction of the laser axis. This diagnostic [1]

Figure 1 shows the positions of BEetectors for mea- measures the number of electrons at six different energies,
suring the polar diagram of the emission. Detectors’at O namely, 492, 899, 1326, 1762, 2203, and 2647 keV.
20°, 45°, 67.5, and 100 detectors are located at 5, 5.4, The electrons traverse th&0 wm thick target before
1.6, 2.5, and 2.1 m, respectively, from the center of theletection; the loss in the target is estimated to be 72 keV
experimental chamber. In the experiments, the laser beafrom the Bethe formula for the fast electrons. Typical
is at normal incidence on the target. Neutron emissiorspectra of electrons—not corrected for these losses—are
is detected only when the irradiated target contains deypresented in Fig. 3 for several laser intensities. The shape
terium; no neutrons are detected from aluminum or goldf the spectrum is non-Maxwellian for laser intensities
targets. This test verifies that the signal observed in thabove0.6 X 10" W/cn?.
range of the detectors is not produced by high-energy pho- The level of neutron emission is strongly correlated
tons or induced by the photoneutron process on the walkith the energy transferred to the electrons. This en-
of the chamber. Production of neutrons with energies beergy is obtained by integrating the spectrum of elec-
low 1 eV is also excluded. Indeed, the time delay fortrons between 492 and 2647 keV; it is typically a few
those neutrons to reach a detector at 5 m is greater thanJ/sr, which is close to previous measurements [1]. In
360 us, whereas most of the counts are detected withifrig. 4, for example, the neutron flux measured with the
250 us after the laser shot. 45° counter is plotted versus the energy in the fast elec-

For most of the shots, the highest emission level idrons. A least-squares approximation shows that the de-
measured by the detector af Oelative to the laser pendence of the neutron flugy,(45°), on the energy
axis. This emission appears to be very dependent oim the electronsk, (in mJ/sr) is nearly exponential:
laser illumination conditions, as shown in Fig. 2. ForN,(45°) = 2 X 10* X exp(1.2 X E,). Measurements at
an intensity of3.5 X 10'° W/cn?, the neutron emission other angles show a similar variation.
level in the direction along the laser axis reaches the There is a clear correlation between the neutron emis-
value of 7.5 X 10°/47 compared to5 X 10°/47 for a  sion and the generation of energetic electrons. The energy
laser intensity of2 X 10'° W/cm?. For the same laser carried away by the fast electrons provides a measure of
energy at1.058 um, this strong intensity dependence the strength of the laser-target interaction that takes into
results in large shot to shot variations in the neutron
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FIG. 2. Measured neutron emission (extrapolated 9 in
FIG. 1. Top view of the experimental setup. the direction along the laser axis versus the laser intensity.
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FIG. 5. Neutron emission (extrapolated intar) versus the
angle of the BF detectors. The data points represent an
FIG. 3. Electron distribution from 500 to 3000 keV for laser average of eight measurements, each of which had the same
intensities 0.6 X 10" W/cn? (squares),1.3 X 10" W/cm? total energy2.2 mJ/sr = 10% in the 0.5—3000 keV electrons.
(diamonds), and2.7 X 10'° W/cn? (triangles), measured

along the laser propagation axis in the forward direction.

Electron kinetic energy (keV)

on the energy of the ions [11]. For a detector located at
an angleé relative to the direction of a deuteron beam
account local variations in the laser flux during the inter-of energyE,, the neutron emissioki(¢, E,) collected per

action: for instance, laser filamentation. incident deuteron is given by

To improve the accuracy of our analysis, we average i o(6.E)
the neutron measurement obtained with each detector Y(0,E,) =[ ~—~ dE, Q)
over all the shots with the same measured energy in the 0 e(E)

electrons; for example, eight laser shots are available foyhere o is the differential cross section for the
an energy o mJ/sr = 10%. This procedure decreases D(d, n)->He reaction, and is the stopping cross section
the factional standard deviation t620% at maximum. for deuterons per atom of deuterium. The neutron
The resulting semipolar diagram of neutron emission ismission depends on the angle of observation through
shown in Fig. 5. The neutron flux af @ 3 times larger the variation of the differential cross section with In
than the flux at 92 The mean laser intensity for these Fig. 6, the neutron flux calculated with Eq. (1) versus
shots is2.3 X 10" W/cn?. and normalized with the emission at & presented for
Recent simulations show that high-energy ions are acdifferent deuteron beam energigs;J. The values forr
celerated preferentially in the direction of the laser beamande from [11,12] are used. We also plot the experimen-
[7] and suggest a beam-target type of interaction. Atal neutron emission versus the angle of observation. We
deuteron beam impacting a solid thick €Barget gen- conclude that the observed neutrons are produced by ions
erates an anisotropy in the neutron emission that depenggth a mean energy of 550 keV. In Fig. 7, we present
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FIG. 4. Measured neutron emission (extrapolated 9 in FIG. 6. Normalized neutron emission versus angle of obser-
the direction at 45to the laser axis versus the energy carriedvation as estimated from (1) for 100, 300, 550, and 900 keV
away by the 0.5-3000 keV electrons. monoenergetic deuterons. Squares: experimental data.
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ter must be placed 2.5 m away from the experimental
chamber. In this condition, only a few scintillators detect
an event for a neutron yield d¢f X 10°. The number of
events recorded is in agreement with the yield measured
by the BF; detectors. These events show that the times
of flight correspond to a neutron of 2.5 MeV but they are
not sufficient to provide a spectrum.
5,0E-7 In conclusion, we have measured the neutron emission
90° created by a high-intensity laser pulse with a high contrast
e ] ratio focused on a deuterated target. The neutron yield
///// is strongly dependent on the laser intensity and can
T reach10’ /4 along the laser axis at high laser intensity

100 200 300 400 500 600 700 800 900 (>3 x 10" W/cn?). It is also strongly correlated with
the energy carried away by the fast electrons. The
neutron energies measured by a single hit spectrometer
FIG. 7. Neutron emission per incident ion versus the energysonfirm that the neutrons originate from thédDn)->He
of the deuterons at*0and 90 from the direction of the ion  ,cjear reaction. The anisotropic distribution of the
beam, estimated from (1). .

neutrons suggests ions of at least 550 keV based on a

beam target model interaction. We plan to usé&.iD
the neutron yield per incident deuteron atdnhd at 90  targets in which high-energy ion beams produce 10.8 and
versus the ion energy. From these graphs, we deduck8.3 MeV neutrons via th&li(d, n)-*Be nuclear reaction
that 10'! deuterons at 550 keV are necessary to create th@ghe reaction threshold is for 400 keV ions) to confirm this
6 X 10° /47 neutrons measured in the direction of theresult.
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