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Neutron energy spectra from the laser-induced D„d,n…3He reaction
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Detailed neutron energy spectra were measured for the D(d,n)3He reaction induced in solid (CD2)n targets
by irradiation with 50-fs 231018 W/cm2 light pulses from a 10-TW Ti:Sapphire laser. The neutrons were
observed at two angles 5° and 112° relative to the incident laser beam. The neutron spectra at the two angles
are characterized by peaks with large widths of about 700 keV full width at half maximum and a shift of 300
keV between them. Neutron energies of up to about 4 MeV were observed indicating that deuterons are
accelerated up to an energy of 1 MeV in the laser produced plasma. Simulation calculations can describe
qualitatively the neutron spectra by assuming isotropic deuteron acceleration and a reduction of the reaction
probability by a factor of 1/3 for deuterons emitted from the front of the target. These calculations indicate in
particular that it is necessary to assume deuterons moving both into and out of the front of the target in order
to describe the neutron energy spectra at the two angles. The highest recorded mean neutron yield was about
104 neutrons per pulse. The neutron yield increases with the number of electrons emitted from the front of the
target and with the intensity of the promptg flash induced by the bremsstrahlung of energetic electrons.

DOI: 10.1103/PhysRevE.64.016414 PACS number~s!: 52.50.Jm, 52.27.Ny, 52.25.Tx, 29.25.Dz
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I. INTRODUCTION

Recent progress in the development of ultraintense la
enables interesting new laser plasma interaction experim
to be performed. Two types of lasers are used to investig
new phenomena at relativistic intensities.

~i! Large energetic chirped pulse amplification glass la
systems@1–3# deliver single pulses with a duration of 350
500 fs, energies of several tens of joules and, most import
intensities of up to 1020 W/cm2 ~even 1021 W/cm2 are en-
visaged!. These energetic ultraintense glass lasers prod
electrons andg rays with energies of up to 100 MeV@4#,
which give rise to intense ion and proton beams@5–8#, high
neutron yields fromd-D fusion @9–11#, photoneutron reac
tions or nuclear activations@10,12#, photonuclear fission
@13#, as well as extremely high magnetic fields@7,14,15#.

~ii ! The other type of lasers are the more compact 10
Ti:sapphire lasers with a pulse duration of 30–150 fs,
energy of several hundreds of millijoules, and intensities
up to 1019 W/cm2. These smaller Ti:Sapphire lasers, ho
ever, have the advantage of shorter pulse durations, w
might be crucial for electron acceleration@16# and higher
repetition rates. These rates are important for detailed exp
ments on short pulse sources of energetic particles like e
trons, ions, neutrons, and bremsstrahlungg rays.

Whereas a relatively large number of papers are devo
to studies of hot electrons,g rays and, in some cases, ion
studies of femtosecond-laser-pulse-generated neutrons
rare and further detailed investigations are needed. If a
idlike or gaslike target containing deuterium atoms is irra
ated by an femtosecond-laser pulse with an intensity
>1017 W/cm2 it is possible to accelerate deuterons to en
gies high enough to attain an appreciable cross section
the well-known fusion reaction d1D→3He1n

*Electronic address: hilscher@hmi.de
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13.269 MeV. Recent publications demonstrate that n
trons can be produced in solid (CD2)n targets@17# as well as
in cryogenic D2-cluster targets@18,19# by compact 10 Hz
femtosecond-lasers. Pretzleret al. @17# exploited time-of-
flight ~TOF! techniques to identify and count neutrons fro
(CD2)n-plastic targets irradiated by 150-fs pulses of the
:sapphire laser, while Ditmireet al. @18# reported on neutron
counting with energy insensitive BF3 detectors. An optimum
of 104 neutrons per laser pulse~120 fs! was observed by
investigating the yield as a function of cluster size. Ve
recently Zweibacket al. @19# employed TOF methods fo
neutron spectrometry.

The investigation of detailed neutron energy spectra i
very interesting topic. The knowledge of such spectra at
ferent anglesCn relative to the incident laser beam and ta
get surface in the case of solid targets carries important
formation on the momentum vector of accelerated deuter
as well as on the atomic density distribution close to the la
produced plasma. Thus, by measuring the neutron en
En(Cn) as well as the double differential neutron yie
d2Yn /dVndEn(En ,Cn) one can obtain information on th
energy and direction of accelerated deuterons. For illus
tion, the kinematics and differential cross sections for
reaction D(d,n) are shown in Figs. 1 and 2, respectively,
a function of deuteron energy. The anglesQn given in the
two figures, however, are relative to the deuteron veloc
vector. To establish a relation betweenCn and Qn is the
principal task in the interpretation of the above-mention
measurements, which, in this way, provide a sensitive too
probe the ion acceleration in laser produced plasma.

In this work we present a summary and discussion o
recent experimental study ofd-D neutron production ob-
tained with a 10-TW Ti:Sapphire laser. Neutron spectra w
measured in the direction of the laser beam and appr
mately perpendicular to it. The energies and directions of
accelerated deuterons will be discussed on the basis o
measured angle dependent neutron energy distributions
©2001 The American Physical Society14-1
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D. HILSCHERet al. PHYSICAL REVIEW E 64 016414
Sec. II we describe the experimental setup. In Sec. III
present the electron and bremsstrahlung yields, which
related to the neutron yield per laser shot. In Sec. IV deta
neutron energy spectra are compared to simulation calc
tions. The findings are summarized in Sec. V.

II. EXPERIMENT

The investigations were performed with the 10-H
10-TW Ti:Sapphire laser at the MBI. This system produc
laser pulses of up to 300 mJ at a central wavelength of
nm and with a pulse duration of about 50 fs. For more det
of the laser system see Nickleset al. @22#. The p-polarized
beam was focused with a 13-cm dielectric off-axis parabo
mirror onto a thin deuterated plastic target. A 100mm-thick
fused silica plate protected the mirror from target debris. T
intensity on target was determined to about
31018 W/cm2 by simultaneous measurements of the la
pulse duration, energy, and focal spot size of about 15mm.

The pulse duration was determined with a second or
autocorrelator. Preliminary measurements of the contras
tio of the 50-fs pulse resulted in a value of about 1024,
which is typical for highly amplifying Ti:Sapphire laser
with a regenerative preamplifier. Therefore targets were
posed to a much longer pulse pedestal preceding the m
pulse, which created a small preplasma with a scale lengt

FIG. 1. Kinematical dependence of the neutron energy in
laboratory system atQn50°, 90°, and 180° relative to the deutero
velocity as a function of deuteron energyEd for the reaction
D(d,n)3He.

FIG. 2. Neutron cross section in the laboratory system atQn

50°, 90°, and 180° as a function of the deuteron energyEd for the
reaction D(d,n)3He. The compilations from Refs.@20,21# have
been employed.
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several laser light wavelengthsl. In addition, the intensity
was cross checked by measuring the strong field ionizatio
Xe atoms under the same irradiation conditions. From
observed maximum ionization stage, Xe211, an intensity of
231018 W/cm2 was estimated using the well-know
Amossov-Delone-Krainov formula@23#. This result is con-
sistent with the intensity determination from the pulse leng
energy, and spot size.

The target was a 0.2-mm-thick (CD2)n-plastic layer pro-
duced under pressure and heat~about 200 °C) from deuter
ated polyethylene powder on a 1.8-mm-thick Al disk with
diameter of 4.5 cm. The deuterium was isotopically enrich
to 98 at. %. For background measurements, the deuter
polyethylene targets were replaced by polyethylene targ
with a natural isotopic hydrogen composition. In order
supply a fresh target area for each laser shot, the target
moved about 200mm in the target plane (x,y) from shot to
shot. The necessary repositioning of the target surface in
direction of the target normal~z! was controlled by a pi-
ezosensor in order to keep the target surface in the b
focus with an accuracy of about 1mm. The angle of inci-
dence of the laser light was 45° relative to the target norm
Each target could be irradiated with about 6000 laser sho
a frequency of 2.5 Hz. The total irradiated target area w
22326 mm2.

The produced hot plasma was diagnosed by the follow
methods:~i! electron TOF measurements@22#, ~ii ! electron
counting with and without energy discrimination,~iii ! brems-
strahlung intensity measurements, and~iv! TOF neutron
spectrometry of the D(d,n) reaction.

Figure 3 shows the setup of the experiment. The magn
spectrometer MS located at an angle of 157° with the la
beam propagation was equipped with three Si detec
(M1,M2,M3) measuring the number of electrons at me
energies of 160, 620, and 1120 keV for each laser pulse.
single detector Si1 measured the yield of electrons at 8
irrespective of the energy. The Si diodes were only 40-mm
thick and thus were penetrated by most of the electrons.
number of electrons Nel per laser pulse was deduced fro
the ratio of the measured energy per pulse divided by
known energy loss per electron. The energy response of
Si detectors was calibrated with an241Am a source. The
detectors Si1 and MS were positioned inside a vacu
chamber with a diameter of 45 cm and 5-mm-thick stainl
steel walls. Al windows with a thickness of 0.5 mm we
placed in the direction of the neutron detectors (N1,N2).

Two liquid scintillators~BC501! with a diameter of 25.4
cm and a thickness of 10.2 cm were used as neutron de
tors and positioned about 3.8 m from the target at an angl
112° (N1) and 5° (N2) relative to the incident laser beam
DetectorN1 was made movable in order to vary the TO
path length, and was shielded by a 15-cm-thick Pb w
placed in front of the scintillator. DetectorN2 was shielded
with 20 cm of Pb. In addition, both detectors were protec
by 5 cm of Pb plates on all sides. The intrinsic time reso
tion of 1 ns full width at half maximum~FWHM! for both
detectors was derived from the response of the detector
promptg rays. The resolution for neutrons, however, is co
siderably larger due to variations of the TOF path leng

e
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NEUTRON ENERGY SPECTRA FROM THE LASER- . . . PHYSICAL REVIEW E 64 016414
over the scintillator thickness and multiple scattering of n
trons in the massive lead shielding@24#. The modification of
the TOF signals due to the shielding geometry was simula
with the Monte Carlo codeMCNP @25# for neutron, photon,
and electron transport. The resulting total time resolut
~FWHM! for 1.5 and 3.0 MeV neutrons amounts to 6.8 a
5.8 ns, respectively, corresponding to an energy resolutio
95 and 220 keV. Furthermore, the calculations showed
the broadening of the TOF distribution can be minimized
a given Pb shield in front of the neutron detector by reduc
in scattering from the side shielding and by employing
large neutron detection threshold. In the present experim
the side shielding was 5-cm-thick Pb and the neutron thre
old was set at 1 MeV.

For each laser pulse and neutron detector the follow
four parameters were measured: the energyEg of the prompt
g flash recorded by the scintillation detectors, the pro
recoil energyEp related to the detection of a neutron d
duced from the charge integrated anode signal, the TOFTg
of the promptg flash, and the delayed neutron TOFTn . The
energyEg was determined in two ranges of up to 10 Me
and up to 100 MeV using signals of two different dynodes
the photomultiplier~PM!. The low energy channel was cal
brated with a22Na source, while the calibration of the hig
energy channel was deduced from the energy loss of cos
muons passing through the scintillator.

The parameterEg measures the summed energy of allg
rays as well as the neutrons registered in detectorN1 or N2.
The contribution of the neutrons toEg is very small, i.e., less

FIG. 3. Experimental setup, T: target, MS: magnetic spectro
eter for electrons atCMS5157°, Si1: Si detector for integral elec
tron yield measurements atCSi1582°, N1 andN2: neutron detec-
tors at Cn5112° and 5°. The straight solid line indicates th
direction of the incident laser beam axis, all angles are relativ
this axis.
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than 1 MeV per neutron. Theg rays are produced by brems
strahlung of energetic electrons in the thick Al backing of t
target. More energetic electrons produceg rays with higher
energies that are more strongly focused in the direction
the electrons. Higherg-ray energies also result in a large
transmission through the massive Pb shielding. ThereforeEg
is correlated with the energy and yield of electrons and c
sequently also with the magnitude of acceleration fields
the plasma. This interpretation corroborates the finding t
Eg , as recorded by detectorN2 at 5°, is much larger requir
ing 5 cm more Pb shielding compared with detectorN1 at
112°. In this sense we refer to the somewhat complex
servableEg in the following as the ‘‘yield of energeticg
rays.’’

In addition to the four parameters (Eg ,Tg ,Ep ,Tn), which
were measured for each neutron detector and laser pulse
number of electrons was recorded in detectors Si1 and
A multiparameter data acquisition system made it possibl
investigate the correlation of all these measured quant
for each laser shot.

III. ELECTRON AND BREMSSTRAHLUNG YIELD

The coupling of the laser pulse to the plasma mainly
pends not only on the pulse energy and the temporal di
bution, but also on the target area irradiated, the target
rameters, and the irradiation angle of the incident light. T
primary coupling process is energy transfer to plasma e
trons that can reach values of the order of;10% @26#. The
energetic electrons produce energeticg rays by bremsstrah
lung in the target and the detection of theseg rays can in turn
be used to characterize the electron spectrum and yield@26#.
These electrons build up electrical fields in the plasm
which accelerate the deuterons responsible for the neu
production. Thus, an analysis of energetic electrons and
ergeticg rays should help to identify scalings that will en
able us to characterize the plasma particularly suited for n
tron production. However, since the experimental irradiat
conditions like intensity and pulse shape of the Ti:Sapph
laser could not be varied largely, it was impossible to det
mine the optimum laser parameters for neutron generat
In a first step, the plasma was characterized by monitor
the total number of electrons at 82°, the number of electr
at different energies at 157°, and additionally theg rays at
the angles of the neutron detectors (5° and 112°).

It is striking to see that the observed quantities have v
large shot-to-shot fluctuations, indicating a strong nonline
ity of the coupling of the laser pulse into the plasma m
likely caused by variations~not monitored! in the temporal
and spatial distribution of the laser pulse. A typical picture
these large shot-to-shot fluctuations of the yield of energ
g raysEg at 112° and the value of the electron number Nel
at 82° is shown in Fig. 4. Variations ofEg and Nel of up to
two and one order of magnitude, respectively, are observ
The corresponding relatively weak correlation ofEg and Nel
for about 6000 laser shots is shown in the right top pane
Fig. 4. Similar fluctuations are also observed for the th
channels of the magnetic spectrometer, which are, howe
strongly correlated. The corresponding distributions ofEg
and Nel for 6000 laser shots~including the 1000 shots show

-
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D. HILSCHERet al. PHYSICAL REVIEW E 64 016414
in Fig. 4! are shown in Fig. 5 for an exceptionally ‘‘good
run with highly efficient coupling~solid histogram!, resulting
in the maximum neutron yield as will be shown below,
well as for ‘‘normal’’ coupling as for most runs~dashed
histogram!. The observed discontinuity atEg'10 MeV
~also seen in Fig. 4! is an experimental artifact due to switch
ing between two dynodes of the PM in order to change
detection range. Similar shot-to-shot fluctuations have b
reported in the literature for the number of accelerated e
trons @27#, the maximum observed ion energy@8#, the ion
spectral distribution@28#, and the photoneutron activatio
yield @12#. These fluctuations are most likely caused
variations of the laser pulse, but this subject needs fur
investigation.

One can conclude from these experimental results
both the yield of energeticg raysEg as well as the numbe
of electrons Nel are sensitive to the coupling of the las
pulse to the plasma. The higher sensitivity of the yield

FIG. 4. Shot-to-shot variation of the yield of energeticg rays as
measured with neutron detectorN1 at 112° and the number o
electrons Nel measured at 82° for a run with ‘‘good’’ coupling. Th
right top panel displays the two-dimensional correlation ofEg and
Nel for all 6000 laser shots.

FIG. 5. Number of laser shots as a function of the yield
energeticg rays Eg measured at 112° and the integral number
electrons Nel at 82° for two runs with ‘‘good’’ ~solid histogram!
and ‘‘normal’’ ~dashed histogram! coupling. The corresponding
mean values are 19.1~2.8! MeV and 3.21 (2.26)3109 electrons/sr
for Eg and Nel , respectively.
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energeticg rays is due to the fact that this observable is mo
strongly correlated~Sec. II! with the production of energetic
electrons and therefore with higher acceleration fields. B
signals were used to monitor the plasma production dur
the experimental campaign. In the following we report on t
neutron yield as a function of these observables.

IV. NEUTRON SPECTRA AND NEUTRON YIELD

The left two panels of Fig. 6 show the neutron TOF spe
tra that were measured with detectorN1 (112°) at distances
of 2.79 and 3.81 m. The position of the prominent peak
these spectra scales very closely with the flight path
consequently both spectra, when converted to neutron en
~right panels!, show the peak at approximately the same e
ergy, 2.36 or 2.33 MeV, respectively. The tails to long
TOF or lower energy are most likely due to neutrons sc
tered in the Pb shielding. The spurious peak at about 10
or 6 MeV will be discussed below.

In spite of the massive lead shielding the huge prompg
flash produced in the target induces large signals (Eg) in the
neutron detectors. These large signals cause a dead time
ing which retriggering by delayed signals such as neutron
suppressed. This is shown in the top panels of Fig. 7 wh
no events occur in the top left regions of the tw
dimensional spectra ofEg vs Tn for deuterated and nondeu
terated targets. This demonstrates the need for choosing
TOF path lengths long enough so that the neutron flight ti
Tn to be measured is larger than the detector dead time
depends onEg and thus also on the laser coupling. Altern
tively, more lead shielding could be used but then the ti
resolution for neutrons would decrease.

Projections of the two-dimensional spectra are shown
the middle panels of Fig. 7. In addition to thed-D neutrons
betweenTn5150 and 230 ns or 1.5 and 3.5 MeV, indicate
by the gray shaded area in the left panel, two spurious T
peaks are observed at about 105 and 270 ns. The peak a
ns is due to reflections of very large anode pulses whe

f
f

FIG. 6. Neutron TOF and energy spectra measured at 112°
two different path lengths of 2.79 and 3.81 m. Note the suppres
zero of the TOF axisTn .
4-4
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NEUTRON ENERGY SPECTRA FROM THE LASER- . . . PHYSICAL REVIEW E 64 016414
the origin of the peak at 105 ns is not fully understood. T
black narrow peaks shown in the time-of-flight distributio
of Fig. 7 reflect the calculated time resolution for monoen
getic neutrons of 2.3 MeV as described in Sec. II.

We have also measured the charge integrated anode s
at the timeTn corresponding to the proton recoil energyEp
from neutron scattering off hydrogen in the organic scin
lator. Therefore we can analyze the TOF under the condi
that the energyEn , as deduced from TOF, fulfills the con
dition: Ep, f En . The factorf was chosen to be 2 instead
1 in order not to reject pileup events when two neutrons fr
the same laser pulse are registered. The probability of s
pileup events can be up to 25% for the largest neutron y
with about 0.5 neutrons detected per laser shot. The T
spectrum sorted with this recoil condition is shown in t
lower left panel of Fig. 7. The shaded region correspond
to d-D neutrons is essentially unchanged while both spuri
peaks have almost completely disappeared.

To further test that the observed neutrons are due to
d-D reaction, measurements were carried out with nond
terated polyethylene targets under the same experime
conditions. The corresponding spectra are shown in the t
right panels of Fig. 7 accumulated for the same numbe
laser shots as in the left panels. The few counts observe
the TOF interval of 150 to 220 ns~or 1.5 to 3.5 MeV! cor-
respond to a background of less than 1%.

In the following we describe the measured energy spe
of neutrons from the D(d,n) reaction. Figure 8 shows th
TOF spectrum of Fig. 7~left panel! after transformation to
neutron energy. The neutron yield has been corrected for
energy dependent detection efficiency as calculated with

FIG. 7. Top panels: Two-dimensional plot of the yield of ene
getic g rays Eg as measured with the neutron detector at 11
versus neutron TOFTn for a (CD2)n ~left panels! and (CH2)n ~right
panels! target. Middle panels: Projection on the TOF axis; the TO
region corresponding to neutron energies between 1.5 and 3.5
are indicated by the shaded area. Bottom panels: same as m
panels but with the recoil condition. Note the suppressed zero o
TOF axis Tn in all panels. The experimental time resolution f
monoenergetic~2.3 MeV! neutrons is indicated by the narro
black histogram.
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Cecil et al. code@29# as well as for absorption and out sca
tering in the 15-cm Pb shield. The Pb correction of abo
1/0.51 has been deduced from a calibration measuremen
similar geometry with neutrons from a252Cf source with
mean energies of 2.1 MeV in coincidence with fission fra
ments resulting in a transmission of about 80% through 5
of Pb. The out scattering and absorption of neutrons in
lead shielding, which is different forN1 andN2, represent
the major uncertainty of about 25% in the relative neutr
yield from the two detectors. The dashed line in Fig. 8 c
responds to a Gaussian fit giving a mean energy of 2.22 M
and a standard deviation of 0.30 MeV. We observe that
mean energy is smaller than the neutron energy of 2.45 M
at the threshold of the D(d,n) reaction. This indicates that a
the detection angle of 112°, the neutrons are emitted at l
partially in the direction opposite to that of the deutero
~see Fig. 1!. In addition, a very large width for the exper
mental energy distribution of about 700 keV~FWHM! is
observed, which is much larger than the experimental ene
resolution as indicated in Fig. 8 by the histogram for m
noenergetic~2.3 MeV! neutrons.

Before describing these results further we will briefly d
cuss correlations of the total neutron yield per laser shot w
the number of electrons Nel and the yield of energeticg rays
Eg ~as defined in Sec. II!. For this purpose the neutron yiel
was integrated between energies of 1.5 and 3.5 MeV
over 4p sr assuming isotropic neutron emission. Figure
shows for a ‘‘good’’ run~solid line in Fig. 5! the correlation
of the total neutron yield per laser shot withEg detected at
Cn5112° ~left panel! and Nel at 82° ~right panel!. We can-
not show the corresponding correlation for neutron detec
N2 since this detector was not operating correctly during t
run with a highly efficient laser coupling. Although an in
crease of the total neutron yield with both the electron a

°

eV
dle
e

FIG. 8. Double differential neutron yield d2Yn /
dVndEn(En ,Cn) at Cn5112° for a run with good laser coupling
with the largest observed neutron production, see also Figs. 5 a
The dashed line is a Gaussian fit to the data, the mean energy^E&
and the standard deviations are given. The histogram indicates th
calculated energy resolution.
4-5
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D. HILSCHERet al. PHYSICAL REVIEW E 64 016414
the g signal is observed, it is obvious that the neutron yie
scales much more strongly withEg . An increase from abou
1500 neutrons per laser shot atEg'1 MeV up to 6500 neu-
trons atEg'100 MeV is observed. Recalling the definitio
of Eg as the summed energy ofg rays and neutrons we not
that the energyEg of about 1 MeV already corresponds
the maximum recoil energy deposited in the scintillator b
3-MeV neutron. Consequently the low neutron yield of abo
1500 neutrons per shot is associated with few or nog rays
detectable behind a 15-cm-thick Pb shield. A similar we
correlation between the neutron yield and Nel from Si1 was
also observed for the electron signals recorded in the th
channels of the magnetic spectrometer as shown in Fig.

In summary, we note that the neutron yield is mo
strongly correlated with theg-ray yield than with the numbe
of electrons emitted from the target. The strong correlat
with Eg can be understood by recalling thatEg is a sensitive
monitor of energetic electrons~Sec. II!. These energetic elec
trons are responsible for higher electric fields, which in tu
can accelerate the deuterons more efficiently, resulting
larger neutron production. The weak correlation betwe
neutron yield and Nel , on the other hand, may be due to t
fact that both electron detectors~MS and Si1! were posi-
tioned at angles of 23° and 53° relative to the target norm
Consequently, both detectors only record electrons emi
from the front of the target, while more energetic electro

FIG. 9. Number of neutrons emitted per laser pulse as a func
of Eg for neutron detectorN1 at 112°~left panel! and as a function
of the number of electrons detected at 82°~right panel!.

FIG. 10. Number of neutrons emitted per laser pulse as a fu
tion of the number of electrons Nel detected in the three channe
M1,M2, andM3 of the magnetic spectrometer at 157°.
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have a higher probability to be directed into the targ
@10,12#. The detection of electron emission from the rear
the target was not possible in the present experiment ow
to the 1.8-mm-thick Al backing of the target.

As pointed out in the Introduction, details of the doub
differential neutron energy spectra provide important inf
mation on the energy and direction of accelerated deute
and therefore also indirectly on electric fields induced in
plasma and target. In order to illustrate this, Fig. 11 sho
two neutron energy spectra measured simultaneously atCn
55° and 112° relative to the laser beam with ‘‘norma
coupling. The error bars include counting statistics and
systematic uncertainty of the neutron detection efficien
that causes particularly large error bars close to the neu
detection threshold of 1.0 MeV. Neither the uncertainty
about 25% for the relative yield due to different amounts
Pb shielding in front ofN1 ~15 cm! andN2 ~20 cm!, nor the
systematic absolute error due to neutron absorption and
scattering in the lead shielding are included in the error b

First it is interesting to note that the neutron spectra
112° measured with ‘‘good’’~Fig. 8! and ‘‘normal’’ ~Fig.
11! laser coupling show a very similar spectral shape~width
and mean energy! while the maximum double differentia
yield is about three times smaller in the latter case. Comp
ing the two simultaneously measured neutron energy spe
of Fig. 11 we note that they are shifted relative to each ot
by about 300 keV and that the high energy tail of the sp
trum at 5° extends up to about 4 MeV requiring deuterons
energies of up to about 1 MeV for forward neutron emiss
~see Fig. 1!.

The dotted and dashed curves in Fig. 11 are Gaussian
to the spectra measured at 5° and 112°, respectively. F
these fits we deduce mean neutron energies of 2.29 Me
112° and 2.59 MeV at 5°. These energies are below
above 2.45 MeV, the energy one would expect for neut
emission at 90° relative to the deuteron velocity vector

n

c-

FIG. 11. Neutron energy spectra~triangles and circles! mea-
sured simultaneously at 112° and 5° and Gaussian fits~dashed and
dotted lines! to the data points with mean energies^E& ~standard
deviations) of 2.29 ~0.27! and 2.59~0.30! MeV, respectively.
4-6



n
a
o
o
t

i-
e
p
b

e
er
e
e

a
he
e
e

d
ud
te
se

er

te
.
d
e
h

od
in

f t
b

fro
ili

t
s

ro
tio
t

e

to
tro

u-
on-

n-

ith

-
nto
ith
in-

8–4
12
of
no
rget
low
nd
red
rom
at
this
at

um
rgy
he
ved

are
tra in
ities

sted
e
be
irect
on-
tion

he
the

y at
s

nes

NEUTRON ENERGY SPECTRA FROM THE LASER- . . . PHYSICAL REVIEW E 64 016414
deuteron energies up to about 100–200 keV, as show
Fig. 1. From this finding we can conclude qualitatively th
~i! either the deuterons are preferentially accelerated into
direction or the density distribution of deuterium atoms in
close to the plasma induces a forward-backward asymme
and ~ii ! this direction differs from the direction of the inc
dent laser beam. More precisely, one finds that the two m
neutron energies as measured by the almost orthogonally
sitioned neutron detectors are consistent with deuterons
ing accelerated to about 30 keV into the target at an angl
about 40° relative to the laser beam. It is worth noting h
that acceleration of protons and ions in the direction perp
dicular to the target surface was previously observ
@5,7,12#, but for remarkably higher intensities~about 5
31019 W/cm2) than in the present case.

From the qualitative findings~i! and ~ii ! one would ex-
pect, however, to record two very narrow neutron lines
2.29 and 2.60 MeV with a width given essentially by t
experimental energy resolution of 140 and 180 keV, resp
tively. Whereas the two peak energies agree with the exp
ment, the widths disagree and are about 700 keV~FWHM!.
The large widths of the measured energy distributions in
cate large variations of the deuteron velocities in magnit
as well as in direction. Such variations should be expec
considering the large fluctuations of the coupling of the la
pulse into the plasma~see Fig. 4! described in Sec. III. More
detailed studies of the dependence of the neutron en
spectra for different ranges ofEg and Nel would be very
interesting, but in the present experiment the accumula
statistics were not sufficient to perform such an analysis

To exploit these findings in greater detail we performe
simple Monte Carlo~MC! simulation by assuming that th
deuterons are accelerated isotropically in all directions. T
experimental result of forward-backward asymmetry is m
eled by assuming that deuterons with velocity vectors po
ing into the target have a larger probability (Pin) to initiate a
D(d,n) reaction than those moving out of the target (Pout)
with Pout5 f r3Pin and f r,1. The factorf r was used as a
free parameter and might be interpreted as a reduction o
deuterium atom density in front of the target surface seen
deuterons accelerated into the hemisphere extending
the target surface into the vacuum. The reaction probab
Preac(Ed ,Qn) that deuterons of energyEd between 0.01 and
1.0 MeV initiate a D(d,n) reaction with neutron emission a
an angleQn relative to the deuteron velocity vector wa
assumed to be given by the relationPreac(Ed ,Qn)
;s(Ed ,Qn)/Ed

2 . The cross sectionss(Ed ,Qn) were calcu-
lated according to Refs.@20,21#. The 1/Ed

2 distribution is
introduced tentatively in order to describe for increasingEd
both the decrease of the probability to accelerate deute
and the increase of their range resulting in larger reac
probabilities. The broadening of the TOF distributions due
multiple scattering in 15 and 20 cm of Pb shielding is tak
into account by exploiting MCNP calculations~see Sec. II!
for ten neutron energies between 1.75 and 4.00 MeV.

The result of this MC simulation forf r50.3 is repre-
sented by the solid curves in Fig. 12. The absolute yield
normalized arbitrarily but with the same normalization fac
for 112° and 5°. We observe that the measured neu
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energy distribution is approximately reproduced by the sim
lation. Even the high energy tails at 5° are described reas
ably well.

The assumption of an isotropic ion emission is not co
sistent with the recently reported@7,8# angular distributions
of energetic protons and other ions from experiments w
ultrahigh intensity (I'531019 W/cm2) laser interactions
on thin Al targets. Krushelnicket al. @7# observed the emis
sion of protons with energies between 2.8 and 20 MeV i
narrow cones from the front and rear of the target foils. W
decreasing proton energy the half-angle of the cones
creases to about 30° at the lowest proton energy of 2.
MeV. For comparison with those results we show in Fig.
~dashed line! a simulation assuming a cone half-angle
22.5° instead of isotropic emission with otherwise
changes. The symmetry axis is chosen parallel to the ta
normal. We observe two separate peaks with high and
neutron yield corresponding to deuterons moving into a
out of the target surface, respectively. Though the measu
neutron energy spectra are less well described we learn f
the spectra shown~dashed line! that one has to assume th
deuterons are also accelerated out of the target. Without
assumption it is not possible to describe simultaneously
112° the high energy component of the neutron spectr
above about 2.4 MeV on one hand and at 5° the low ene
part below about 2.4 MeV on the other. By increasing t
cone half-angle to 90° one can achieve filling the obser
minima around 2.4 MeV.

The reason that considerably larger opening angles
needed to describe the measured neutron energy spec
the present experiment at remarkably lower laser intens
might be due to~i! smaller deuteron energies and~ii ! the
presence of large magnetic fields that will bend, as sugge
by Krushelnicket al. @7#, the ion trajectories along which th
D(d,n) reaction can be initiated. In this context it should
noted that there is an essential difference between the d
observation of ions and their detection by means of an i
induced nuclear reaction. The latter measures the reac
probability or absorption along the ion trajectories in t
plasma region and surrounding target material while

FIG. 12. Neutron energy spectra measured simultaneousl
112° ~left panel! and 5° ~right panel!. The solid and dashed curve
represent the result of MC simulations~see text! assuming an iso-
tropic angular distribution of deuterons and emission into two co
with half opening angles of 22.5°, respectively.
4-7
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D. HILSCHERet al. PHYSICAL REVIEW E 64 016414
former measures essentially the transmission through tha
gion. Since the laser intensity in the present case was a
one order of magnitude smaller than the one employed
Krushelnick and co-workers@7,8#, this comparison should b
treated with some caution.

Contrary to the above-discussed observation of nar
emission cones@7,8# Pretzleret al. @17# have suggested ra
dial acceleration along the laser plasma channel due to C
lomb explosion, which was also experimentally observed
underdense plasma@6#. It is worth noting that in the presen
experiment the effect of a radial acceleration of ions co
also partially appear. This follows from the experimental fa
that the laser pulse contrast was poor, resulting in a relativ
long plasma density gradient length~severall) so that self-
focusing of the laser pulse could occur. A beam break
into self-focusing channels can result in an undercriti
plasma at laser powersP.Pcr.17 GW (v/vp)2, wherev
is the laser frequency andvp is the plasma frequency. As
suming that in the present casev;vp , the intensity in the
focused beam isI;231018 W/cm2, and the laser spot di
ameter 2w is smaller than 15mm, one arrives at a lase
power of P.3.6 TW, which fulfills in principle the condi-
tions for self-focusing. Therefore a superposition of the
fects of axial and radial accelerations alternating from sho
shot could well be the reason for the finding that the isotro
assumption best describes the measured spectra. Furth
vestigations with laser pulses of controlled intensity a
pulse shape are needed to determine the dominant acce
tion processes.

In summary, it is possible to describe the two main ch
acteristics of the experimental neutron energy distributio
~i! the large width of about 700 keV~FWHM! and ~ii ! the
energy shift of about 300 keV at two detection angles diff
ing by 107°. The empirically found parameters of the sim
lation indicate that deuterons are accelerated up to 1 M
and the angular distribution of deuterons initiating a (d,n)
reaction is nearly isotropic. Furthermore, the target surf
defines an asymmetry: either about 30% of the deuter
move out of the front of the target, as compared to th
moving towards the rear, or they have a smaller probab
to initiate a reaction owing to a reduced deuterium at
density. There remain, however, open questions: how un
are the assumptions and in particular, what is the influenc
fluctuations in the coupling of the laser pulse to the plasm
The observed large fluctuations of this coupling could g
rise to completely different plasma regimes resulting in d
ferent acceleration fields. It will be a challenge for futu
experiments to produce a well-defined plasma and to inv
tigate the deuteron acceleration by measuring detailed
tron energy spectra in a wide angular range. Well-defin
plasmas are in particular also needed for the comparison
three-dimensional theoretical particle-in-cell calculatio
Detailed numerical calculations are in progress and will
published in a separate paper.
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V. CONCLUSIONS

We have carried out detailed investigations of the neut
energy spectra from the D(d,n) reaction induced by the in
teraction of 50-fs laser pulses at intensities of about
31018 W/cm2 and a repetition rate of 2.5 Hz in soli
(CD2)n targets. The maximum obtained mean neutron yi
was about 104 neutrons per pulse indicating that a femtose
ond Ti:sapphire laser driven D(d,n) reaction should be a
very promising neutron source after further enhancemen
the total neutron number.

The most important property of the neutron energy sp
tra measured at two angles (5° and 112°) is the very la
width of 700 keV~FWHM! and the energy shift of about 30
keV between the peak positions corresponding to the
detection angles. The maximum measured neutron energ
about 4 MeV indicates that deuterons are accelerated u
about 1 MeV. Furthermore, the large widths in the neutr
spectra also point to large variations of the deuteron velo
ties in magnitude and direction.

The experimental neutron energy distributions can be
produced qualitatively by a simulation assuming isotro
deuteron acceleration and a reaction probability reduce
about 30% for deuterons moving out of the front of the so
(CD2)n target. The latter assumption can be interpreted
ther as a reduction of the deuterium atom density seen
deuterons being accelerated out of the target or a sm
probability for acceleration in this direction. Such an am
guity could not be resolved experimentally in the pres
experiment since the measured reaction probability is gi
by the product of the number of accelerated deuterons
the number of target atoms within the deuteron range. T
simulations clearly indicate that deuterons are accelera
both into and out of the front of the target.

It has been shown that the mean neutron yield per pu
strongly increases with the yield of energeticg rays pro-
duced by more energetic electrons and less steeply so
the number of electrons emitted from the front surface of
solid target at 82° and 157° relative to the laser beam.

Large pulse-to-pulse fluctuations of the number of el
trons and theg-ray intensity are caused most likely b
variations of the laser pulse and indicate a strong n
linearity in the coupling of the laser pulse to the plasm
These strong variations may give rise to different plas
regimes and hence acceleration fields that vary in magnit
and direction, resulting in the experimentally observed la
widths of the neutron energy distributions.
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