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Fast Neutron Emission from a High-Energy Ion Beam Produced
by a High-Intensity Subpicosecond Laser Pulse
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Neutron emission as high as107 is observed when a high intensity (a few1019 Wycm2)
subpicosecond laser pulse at 529 nm wavelength is focused on a deuterated polyethylene ta
Neutron emission is also measured in different directions. The emission of neutrons along the laser
is higher than in the transverse direction. Nonisotropic emission is consistent with neutrons gener
by Dsd, nd-3He reaction for 0.3–1 MeV deuterons accelerated in the direction of the laser beam. T
energy transferred to the ions is roughly estimated and compared with the energy carried out by
electrons. [S0031-9007(98)08299-4]

PACS numbers: 52.40.Nk, 52.50.Jm, 52.70.Nc
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The development of chirped pulse amplification ha
made possible the generation of energetic subpicoseco
laser pulses [1]. The interaction of the laser pulse wi
a target generates energetic particles, like MeV electro
and ions [2]. The fast ignitor concept [3], relevant to th
inertial confinement fusion (ICF), enhances the interest
this process: Hot particles could heat to thermonucle
temperature an already compressed deuterium-tritium fu

High-intensity subpicosecond laser pulses produce fa
neutrons when they interact with a deuterated target [
Hot deuterium ions create neutrons from Dsd, nd-3He
reaction. Measurements of this neutron emission is
useful method to diagnose fast ions (in the keV to Me
range) generated by the interaction of the laser with t
target. Particle-in-cell (PIC) calculations show that high
energy ions are accelerated by a shock wave propagat
inside the target [5–7]. It knocks the ions along th
direction of the laser propagation [8], but collisions sto
the ions in the thickness of the target. Neutron emissi
can identify these ions which cannot be directly measure

Here, we report neutron emission from a deuterat
polyethylene target irradiated with a subpicosec
ond 529 nm laser. The focused intensity is a fe
1019 Wycm2. The experimental conditions are simila
to other experiments [1,9]. The laser system provides
chirped pulse with energies up to 30 J at the fundamen
wavelength of1.058 mm. After compression by a pair of
diffraction gratings, the pulse duration, measured by a
autocorrelation method, is routinely 400 fs. A KH2PO4
(KDP) crystal is used to convert the laser beam to 529 n
with an efficiency of 70%. The pulse duration is les
than 300 fs. Anfy3 off-axis parabolic mirror focuses
the laser pulse to a5-mm-diameter spot containing
about 30% of the total energy. The highest intensity
3.5 3 1019 Wycm2 for a laser energy of 7 J at 529 nm.

At 1.058 mm, the contrast ratio measured at a few ten
of picosecond before the main pulse by a third order cro
correlator is108. Three dichroic mirrors located after the
0031-9007y99y82(7)y1454(4)$15.00
s
nd

th
ns
e
in
ar
el.
st

4].

a
V
he
-
ing
e
p
on
d.

ed
-

w
r

a
tal

n

m
s

is

s
ss

KDP crystal increase the contrast ratio to1012 at 529 nm.
The optical intensity before the pulse is insufficient
ionize the target, so the pulse interacts directly with t
solid target and not with a plasma.

The target is made from deuterated polyethylene po
der compressed to solid density. The compressed disk
a density of1 gycm3 6 10% and is400 6 50 mm thick.
The composition of thesCD2dn target, analyzed by nu-
clear magnetic resonance, is 92% of deuterium and 8%
hydrogen by atom.

Neutrons are detected by the10Bsn, ad7Li reaction in
a BF3 detector. The BF3 tube (5 cm in diameter, 45 cm
in active length) is located inside a cylinder made
polyethylene (0.7 m in length, 15 cm in diameter, 5 c
in thickness). The counter is shielded with a 5 m
thick lead sheet. Fast neutrons are slowed to therm
energy in the polyethylene moderator before interacti
with the boron. Neutrons are discriminated against Me
photons by pulse height. The detector sensitivity is nea
independent of neutron energy in the 0.1 to 6 MeV ran
[10]. For neutrons in the eV range, the sensitivity is limite
by transmission of the polyethylene and the lead sh
(4 3 1023).

The BF3 detectors are calibrated with an AmBe neutro
source emitting1.42 3 105 neutronsysec. This source is
located at the center of the interaction chamber, and
counting time is 300 sec. We perform the same measu
ments without the neutron source in place to estimate
contribution of the background. The contribution of th
background to the neutron count is at maximum 20% a
is subtracted from the total counts measured with a n
tron source. The sensitivity of the counters is expressed
terms of the number of source neutrons per count detec
The same calibration procedure is done with a Cf252 fission
source with an energy spectrum centered at 2 MeV. T
energy is close to the neutron energy of the Dsd, nd-3He
reaction. The calibration coefficients from the two proc
dures agree to within 10%.
© 1999 The American Physical Society
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Experimentally, we count for a period of500 ms
after the laser pulse. Signals in the firstms which are
compromised by electromagnetic noise and direct x-r
emission interaction into the tube are not included
the data. Most of the counts occur in the first250 ms
which corresponds to the response time of the detect
no neutrons are detected after500 ms. Correction due
to background is negligible because the counting time
short. The experimental error is mainly due to statistic
fluctuations: The accuracy of the measurements depe
on the number of counts detected and is typically 10%
50% (standard deviation).

Figure 1 shows the positions of BF3 detectors for mea-
suring the polar diagram of the emission. Detectors at 0±,
20±, 45±, 67.5±, and 100± detectors are located at 5, 5.4
1.6, 2.5, and 2.1 m, respectively, from the center of th
experimental chamber. In the experiments, the laser be
is at normal incidence on the target. Neutron emissio
is detected only when the irradiated target contains de
terium; no neutrons are detected from aluminum or go
targets. This test verifies that the signal observed in t
range of the detectors is not produced by high-energy ph
tons or induced by the photoneutron process on the w
of the chamber. Production of neutrons with energies b
low 1 eV is also excluded. Indeed, the time delay fo
those neutrons to reach a detector at 5 m is greater th
360 ms, whereas most of the counts are detected with
250 ms after the laser shot.

For most of the shots, the highest emission level
measured by the detector at 0± relative to the laser
axis. This emission appears to be very dependent
laser illumination conditions, as shown in Fig. 2. Fo
an intensity of3.5 3 1019 Wycm2, the neutron emission
level in the direction along the laser axis reaches th
value of 7.5 3 106y4p compared to5 3 105y4p for a
laser intensity of2 3 1019 Wycm2. For the same laser
energy at 1.058 mm, this strong intensity dependence
results in large shot to shot variations in the neutro

FIG. 1. Top view of the experimental setup.
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production, attributable to small variations in the flux a
529 nm. The highest level of neutron emission (107y4p)
requires the maximum laser intensity at 529 nm whic
is difficult to reproduce because of fluctuations in th
wavelength conversion efficiency. We concentrate on th
characterization of the interaction for the typical laser flu
of 2 3 1019 Wycm2, for which the neutron yield is from
105 to 106. These levels of neutrons and laser flux ar
routinely obtained on the facility.

Fast electron levels and spectra are also measured us
a magnetic spectrometer located 16.5 cm behind the tar
in the direction of the laser axis. This diagnostic [1
measures the number of electrons at six different energi
namely, 492, 899, 1326, 1762, 2203, and 2647 keV
The electrons traverse the400 mm thick target before
detection; the loss in the target is estimated to be 72 ke
from the Bethe formula for the fast electrons. Typica
spectra of electrons—not corrected for these losses—a
presented in Fig. 3 for several laser intensities. The sha
of the spectrum is non-Maxwellian for laser intensitie
above0.6 3 1019 Wycm2.

The level of neutron emission is strongly correlate
with the energy transferred to the electrons. This en
ergy is obtained by integrating the spectrum of elec
trons between 492 and 2647 keV; it is typically a few
mJysr, which is close to previous measurements [1]. I
Fig. 4, for example, the neutron flux measured with th
45± counter is plotted versus the energy in the fast ele
trons. A least-squares approximation shows that the d
pendence of the neutron flux,Nns45±d, on the energy
in the electronsEe (in mJysr) is nearly exponential:
Nns45±d  2 3 104 3 exps1.2 3 Eed. Measurements at
other angles show a similar variation.

There is a clear correlation between the neutron emi
sion and the generation of energetic electrons. The ener
carried away by the fast electrons provides a measure
the strength of the laser-target interaction that takes in

FIG. 2. Measured neutron emission (extrapolated into4p) in
the direction along the laser axis versus the laser intensity.
1455
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FIG. 3. Electron distribution from 500 to 3000 keV for lase
intensities 0.6 3 1019 Wycm2 (squares),1.3 3 1019 Wycm2

(diamonds), and 2.7 3 1019 Wycm2 (triangles), measured
along the laser propagation axis in the forward direction.

account local variations in the laser flux during the inte
action: for instance, laser filamentation.

To improve the accuracy of our analysis, we averag
the neutron measurement obtained with each detec
over all the shots with the same measured energy in t
electrons; for example, eight laser shots are available
an energy of2 mJysr 6 10%. This procedure decreases
the factional standard deviation to620% at maximum.
The resulting semipolar diagram of neutron emission
shown in Fig. 5. The neutron flux at 0± is 3 times larger
than the flux at 90±. The mean laser intensity for these
shots is2.3 3 1019 Wycm2.

Recent simulations show that high-energy ions are a
celerated preferentially in the direction of the laser bea
[7] and suggest a beam-target type of interaction.
deuteron beam impacting a solid thick CD2 target gen-
erates an anisotropy in the neutron emission that depe

FIG. 4. Measured neutron emission (extrapolated into4p) in
the direction at 45± to the laser axis versus the energy carrie
away by the 0.5–3000 keV electrons.
1456
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FIG. 5. Neutron emission (extrapolated into4p) versus the
angle of the BF3 detectors. The data points represent an
average of eight measurements, each of which had the sam
total energy2.2 mJysr 6 10% in the 0.5–3000 keV electrons.

on the energy of the ions [11]. For a detector located a
an angleu relative to the direction of a deuteron beam
of energyEd , the neutron emissionY su, Edd collected per
incident deuteron is given by

Y su, Edd 
Z Ed

0

ssu, Ed
´sEd

dE , (1)

where s is the differential cross section for the
Dsd, nd-3He reaction, and́ is the stopping cross section
for deuterons per atom of deuterium. The neutron
emission depends on the angle of observation throug
the variation of the differential cross section withu. In
Fig. 6, the neutron flux calculated with Eq. (1) versusu

and normalized with the emission at 0± is presented for
different deuteron beam energies (Ed). The values fors
and´ from [11,12] are used. We also plot the experimen
tal neutron emission versus the angle of observation. W
conclude that the observed neutrons are produced by io
with a mean energy of 550 keV. In Fig. 7, we presen

FIG. 6. Normalized neutron emission versus angle of obse
vation as estimated from (1) for 100, 300, 550, and 900 keV
monoenergetic deuterons. Squares: experimental data.
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FIG. 7. Neutron emission per incident ion versus the ener
of the deuterons at 0± and 90± from the direction of the ion
beam, estimated from (1).

the neutron yield per incident deuteron at 0± and at 90±

versus the ion energy. From these graphs, we ded
that1011 deuterons at 550 keV are necessary to create
6 3 105y4p neutrons measured in the direction of th
laser axis. The energy transferred to these ions is 9
nearly the same as the energy in the fast electrons.

The accuracy of this analysis is difficult to establish.
precise determination of the energy of the ions requir
an increase in the accuracy of the neutron measurem
and inclusion of the angular spread of the ion beam. T
2D PIC calculations including these effects are in progre
[13]. However, only ions from 0.3 to 1 MeV of energy
could clearly account from the neutron anisotropy th
we observed. The variation of the neutron emission w
u demonstrates that high-energy ions are accelerated
the direction of the laser. The analysis shows also th
significant energy is transferred to those ions, compa
to the energy coupled to the fast electrons.

Neutron emission could originate from other physic
mechanisms. Bremsstrahlung photons with energy up
2.2 MeV also produce photoneutrons bysg, nd reaction
with deuterium. However, the efficiency is low: 1 photo
in 106 to 107 interacts to produce 1 neutron [10]. Fo
these experiments, the number of electrons with energ
up to 2.2 MeV is about6 3 108 per steradian. That leads
to a rough estimate of101 to 102 neutrons created by
such a process. This is negligible compared to the yie
measured.

Moreover, some recent measurements obtained wit
first hit neutron spectrometer show that the neutron tim
of flight is consistent with 2.5 MeV neutrons. This spe
trometer [14] is made on the LaNSA model [15]. It i
composed of an array of 96 fluor detectors similar to tho
used for MEDUSA [16]. The detectors are calibrate
against a test exposure of a known 2.5 MeV neutron flu
Hard x rays produced by the interaction saturate the pl
tic scintillators of the detectors. Therefore, the spectrom
gy
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ter must be placed 2.5 m away from the experiment
chamber. In this condition, only a few scintillators detec
an event for a neutron yield of5 3 105. The number of
events recorded is in agreement with the yield measur
by the BF3 detectors. These events show that the time
of flight correspond to a neutron of 2.5 MeV but they ar
not sufficient to provide a spectrum.

In conclusion, we have measured the neutron emissi
created by a high-intensity laser pulse with a high contra
ratio focused on a deuterated target. The neutron yie
is strongly dependent on the laser intensity and ca
reach107y4p along the laser axis at high laser intensity
(.3 3 1019 Wycm2). It is also strongly correlated with
the energy carried away by the fast electrons. Th
neutron energies measured by a single hit spectrome
confirm that the neutrons originate from the Dsd, nd-3He
nuclear reaction. The anisotropic distribution of the
neutrons suggests ions of at least 550 keV based on
beam target model interaction. We plan to use D7Li
targets in which high-energy ion beams produce 10.8 an
13.3 MeV neutrons via the7Li sd, nd-8Be nuclear reaction
(the reaction threshold is for 400 keV ions) to confirm thi
result.
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