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We present a full characterization of a short pulse laser-driven neutron source. Neutrons are

produced by nuclear reactions of laser-driven ions deposited in a secondary target. The emission of

neutrons is a superposition of an isotropic component into 4p and a forward directed, jet-like

contribution, with energies ranging up to 80 MeV. A maximum flux of 4.4� 109 neutrons/sr has

been observed and used for fast neutron radiography. On-shot characterization of the ion driver and

neutron beam has been done with a variety of different diagnostics, including particle detectors,

nuclear reaction, and time-of-flight methods. The results are of great value for future optimization

of this novel technique and implementation in advanced applications. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4804640]

I. INTRODUCTION

Neutrons can be used to probe and alter objects in a very

different way than charged particles or electro-magnetic

radiation. As the interaction is very different, complementary

information can be obtained, so that over the last decades

neutron research has spread from nuclear physics into fields

like biology,1 archeology,2 medicine, material science, and

high energy density physics.3,4 Neutrons are conventionally

generated either in nuclear reactors for continuous flux or

using particle accelerators for pulsed beams. Based on their

size, it is clear that access to intense beams is so far limited

to large scale facilities and there has been a growing need for

compact and at the same time intense sources over the recent

years.5 For more than a decade, intense short pulse lasers

have been used as a novel source of energetic ion beams.6–12

After many years of research, the main characteristics of

these ion beams can be summarized as: (a) high particle

numbers of up to 1013 ions per laser pulse;6 (b) energies up

to several tens of MeV/amu in an exponentially decaying

energy distribution;10,13 (c) excellent beam quality;14 and (d)

the possibility of shaping and tailoring the beam using struc-

tured targets and shaped laser intensity distributions.11,15

The most widely investigated mechanism so far has been the

Target Normal Sheath Acceleration (TNSA)6–8 mechanism.

It is based on the onset of huge quasi electro-static fields to

accelerate ions from solid, thin foil targets when the laser

drives the electrons through the solid material and off the tar-

gets rear surface. According to the nature of this mechanism,

all ions at the rear surface are field ionized and then acceler-

ated with respect to their charge to mass ratio. Due to always

present, hydrogenous contamination layers at the target sur-

face, most of the experiments have resulted in proton beams,

regardless of the target material. A more promising mecha-

nism relies on the fact that a thin target, irradiated by a high

contrast short pulse laser becomes relativistically transparent

during the laser-plasma interaction,16 provided the right initial

conditions are given. With on-target laser intensities exceed-

ing 1018 W/cm2, the relativistic mass increase of electrons by

the Lorentz factor c can lead to a condition, where the plasma

frequency xp drops below the laser frequency xk, so that the

target is relativistically transparent to the laser light. When

this happens, the laser can interact with the entire target vol-

ume and accelerate all ions contained within the laser-plasma

interaction region to very high energies. This mechanism is

known as the Break Out Afterburner (BOA) mechanism17,18

and has been experimentally verified at the LANL Trident

laser facility.19,20 Here, the dependence on the charge to mass

ratio q/m is no longer the key parameter, and all target ions

rather than only protons from surface contaminants can be

efficiently accelerated without special target treatment. As all

these experiments basically constitute a very bright and com-

pact ion accelerator, there have been attempts to use them to

produce a laser-driven neutron source.21–23 One of the most

promising reactions to use is the combination of a fast deu-

teron beam and a light converter material with a high cross

section for neutron generation as described by Petrov et al.24

Recently, neutrons with maximum energies of 18 MeV and a

flux of 8� 108 (neutrons)/sr have been reported25 using this

technique with a lithium converter. Here, we present a full

characterization of a laser-driven neutron source, with maxi-

mum neutron energies of 80 MeV and flux of 4.4� 109 n/sr

per shot, exploiting better acceleration capabilities of deuter-

ons in the BOA regime.

II. EXPERIMENTAL SETUP

The experiments were carried out at the Los Alamos

National Laboratory Trident laser facility. The experimental

setup is shown in Figure 1. An F/3 off-axis parabolic mirror

a)Paper YI2 4, Bull. Am. Phys. Soc. 57, 369 (2012).
b)Electronic mail: daniel.jung@outlook.com
c)Invited speaker.
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is used to typically focus 80 J of 1.053 lm laser light in a 600

fs pulse. The on-target focus has been measured to be �6 lm

in radius (1/e2-condition, containing >60% of the laser

energy) with a peak intensity of 5� 1020 W/cm2. The laser

pulse duration and beam parameters were carefully recorded

during the whole campaign. Thin, free-standing, plastic (CH2)

and deuterized plastic (CD2) foils with thicknesses from

200 nm to 3.2 lm were used to generate proton and deuteron

beams. The high temporal contrast of the Trident laser with

10�7 at �4 ps (ratio of preceding laser irradiation compared

to the peak intensity)26 enables interaction of the laser with a

highly overdense target even for nm-scaled targets16 and

hence very efficient acceleration of deuterons through the

BOA mechanism. The proton and deutron beams were depos-

ited in a Beryllium converter, providing a high cross section

for neutron production and at the same time minimizing gen-

eration of unwanted high-energy bremsstrahlungs photons.

A. Ion beam diagnostics

As the ion beam is the primary driver for the neutron

generation, beam parameters are an important part of the

experiment. Evaluation of the neutron generation perform-

ance requires detailed knowledge of the driver in terms of

energy distribution, particle numbers and energy content, as

well as beam divergence. We used several independent diag-

nostics to characterize the driving ion beam for these param-

eters. In this experiment, where ion acceleration is done in

the BOA regime, critical beam parameters such as high-

energy cutoffs, angular ion distribution, conversion effi-

ciency, and ion species are very different from typical

TNSA-generated ion beams. While in TNSA the ion beam is

typically “Gaussian”-like distributed with peak energy and

flux in the beam center, an ion beam generated in the BOA

regime is shaped by the 2D and 3D dynamics during the rela-

tivistic transparent phase of the interaction governing the

acceleration. One is the azimuthal symmetry break even for

a symmetric laser profile; the symmetry break causes genera-

tion of ion lobes in the spectrum27 and hence maximum ener-

gies and also maximum densities to appear off-axis.

1. iWASP spectrometer

Here, we use the ion wide angle spectrometer (iWASP)

as described in Ref. 28. The iWASP measures the ion beam

angularly resolved over approximately 20� in a plane perpen-

dicular or parallel to the laser polarization axes. It is based

on a strong, large, magnetic field generated by a wedged

yoke perpendicular to the ion propagation direction. The

field introduces an energy dependent dispersion of the parti-

cle beam that is entering the iWASP through a long slit posi-

tioned parallel to and in front of the magnetic field. With a

slit of �20 lm width and 1 cm length, the spectrometer cov-

ers a solid angle of �4� 10�1 msr; this is 3–5 orders of

magnitude higher than in typical Thomson parabolas.29 The

high solid angle captured, and hence the high fraction of the

beam that is analyzed ensures highest accuracy in measuring

all important beam parameters. This is done simultaneously

for C6þ and Hþ (and Dþ) from CHx (and CD) targets and is

accomplished by taking advantage of the hugely different

stopping power of each of the particles in a stacked detector

in the iWASP. The detector consists of a 25 lm Al layer as a

shield for direct and stray laser light, a CR39 nuclear track

detector,30,31 and an image plate.32 The 1 mm thick CR39

mainly detects carbon ions; it is transparent to protons and

deuterons above 11 MeV and 15 MeV, respectively. The

BAS-TR image plate behind the CR39 detects protons and

deuterons above these energies (see Ref. 28 for details). The

energy resolution of the iWASP is better than 10% at ener-

gies of 50 MeV/amu. Fig. 2 shows a typical angularly

resolved deuteron spectrum measured with the iWASP; the

spectrum has been taken during a shot on a 530 nm thick CD

foil target at Trident. A Thomson parabola was additionally

measuring ion energies in front of the target (see Fig. 1(b))

in correlation to the iWASP measurements. For shots, where

the converter was in place and the iWASP could not be used,

the Thomson parabola measurements served as a rough ref-

erence for ion energies.

2. Nuclear activation-based imaging spectroscopy
(NAIS)

While the iWASP is able to simultaneously measure ion

spectra for different species angularly resolved, it does it

only for the fraction of the beam that is actually entering the

slit in front of the iWASP. For an analysis of the beam shape

itself, we use a NAIS technique.33 This technique is similar

to the well-known radio-chromic film imaging spectroscopy

(RIS),34 but does not suffer from saturation effects and is

FIG. 1. (a) Experimental setup inside the

target chamber. The laser is hitting a CH

or CD foil and generates the driving pro-

ton or deuteron beam. This beam is de-

posited in a Be-converter on the laser

propagation axis behind the target. (b)

Global experimental setup. Around the

target chamber, a variety of diagnostics

for laser pulse and neutron beam charac-

terization are placed. For the latter nTOF,

spectrometers consisting of a plastic scin-

tillator coupled to PMT, bubble detectors,

and a neutron-imager are used. Not

shown is the iWASP that has been used

to analyze the driving ion right beam

behind the target prior to the actual

experiment.
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reusable. The NAIS technique uses a stack of several copper

foils (50 lm–250 lm thickness), which in this experiment

were placed around the entrance slit of the iWASP.

Energetic protons and deuterons above the neutron separa-

tion threshold of 4 MeV cause a transmutation of copper into

zinc via 63Cu(p,n) 63Zn; hence, NAIS cannot be used for any

other ion species. The reaction cross section peaks at a pro-

ton energy of 10 MeV, and decreases rapidly until around

15 MeV the cross section for the 63Cu(p,2n) 63Zn reaction

increases rapidly. The unstable Zn-isotope quickly decays

back into copper with a very convenient half-life of 38 min

emitting a positron, which can be detected easily with an

image plate based auto-radiography. Using post-shot gamma

spectroscopy, the individual reactions can be separated and

thus a rough energy spectrum can be derived. In each of the

thin copper sheath—when exposed to a proton beam from a

short pulse laser plasma—nuclei are activated according to

the energy spectrum convoluted with the different cross sec-

tions. Each copper layer represents a single energy bin. The

energy of the bin is given by the position of the layer in the

stack, taking the known dielectronic stopping power of pro-

tons in copper into account. The width of the bin is given by

the thickness of the specific layer. The last layer with a meas-

urable activation signal gives the maximum proton energy

minus the 4 MeV activation threshold. The more layers used

in the stack, the more detailed the information about the spa-

tial profile, the energy spectrum, and absolute particle num-

bers of the laser-accelerated proton beam. Fig. 3 shows an

on-contact auto-radiography of activated copper plates from

a typical shot; it provides excellent spatial information for

the specific energy bins of the copper stack. The NAIS in

combination with the iWASP provides an excellent tool for

analyzing the proton/deuteron beam, which acts as the neu-

tron-driver.

B. Neutron diagnostics

1. Nuclear activation

Copper activation can also be used for neutron detection

via (n,2n)-reactions. Here, a 2 in. diameter and 0.25 in. thick

copper disk (114.7 g) was used as a neutron activation sam-

ple and placed in various locations around (or inside) the

Trident target chamber. The copper samples are 99.99% pure

and naturally composed of 63Cu (69.2%) and 65Cu (30.8%).

Since copper activation can also be done with (p,n) reactions

as for the NAIS technique, it is important to make sure that

fast protons do not interact with the sample. The chamber

walls are very efficient in blocking all protons; however,

when placed inside the chamber, a location outside of the ion

beam is necessary to achieve only (n,2n) activation of the

copper. The 63Cu(n,2n)62Cu(bþ) reaction has an energy

threshold of 11 MeV (cross section of 454 mb for 14 MeV

neutrons35). 62Cu decays with a half life of 9.74 min and

emits a positron resulting in the production of two 511 keV

gamma rays upon annihilation. For the copper disk size we

used, this corresponds to about 3 atoms activated for every

neutron/cm2 fluence through the disk. The annihilation radia-

tion was detected with a pair of back to back 3 in. diameter

NaI(Tl) scintillation crystals coupled to photo-multipliers,

gated in coincidence (with a background of less than

1 count/min). They have an overall system efficiency of

�12% (determined using a 68Ge positron source) to count

positrons from the sample. A second reaction which occurs

is 65Cu(n,2n)64Cu(bþ) with a 10 MeV threshold, and cross

section of 906 mb at 14 MeV; it decays with a half life of

12.7 h. By plotting the combined decay rates, taken with 1-

min counting windows, the two reactions can easily be

FIG. 2. Angularly resolved deuteron spectrum from �0.5� to 16.5�, meas-

ured in a plane parallel to the laser polarization axes. 0� is laser and target

normal. The flux is color coded in PSL/MeV/msr.

FIG. 3. Schematic depiction of the nuclear

activation-based imaging spectroscopy. The

black squares show auto-radiography scans

of different layers of the copper stack. Each

layer corresponds to small energy window,

depending on the position of the layer on the

stack and its thickness. The center energy is

noted in the top of each square. Brighter col-

ors correspond to higher signal.
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separated. The copper sample was typically placed outside of

the Trident target chamber flange, 90� off-axis with respect to

the beam propagation direction, and 87 cm from the target

foil. With the activation measurements, the number of neu-

trons that went through the copper sample can be calculated.

The initial number of activated atoms N0 in copper sample

right after the shot is given by NðtÞ ¼ N0ð1� exp ð�Dt=sÞÞ,
where Dt ¼ 1 min and the half life s ¼ 9:7 min. Taking into

account the sample size, nuclear cross section, detector effi-

ciency, and gamma ray absorption within the copper, the

measured number of initially activated copper atoms translates

into the number of neutrons per unit area for the sample.

2. Bubble detectors

A more direct technique employed to measure the neu-

tron yield makes use of commercially available bubble

detectors (BTI).36 The bubble detectors have been used to

measure the spatial dependence of the integrated neutron

yield (in time and energy across the projected area of the

bubble detector). A significant advantage of the bubble

detectors is their sensitivity to a wide range of neutron ener-

gies from less than 1 MeV to up to 100 s of MeV. The detec-

tors are made of super-heated droplets dispersed in an elastic

gel medium such as Freon; typically, there are tens of thou-

sands of these small (10 lm diameter) droplets in an 8 ml

polycarbonate tube. They are stable at normal temperatures

and are completely insensitive to gamma radiation, as the

energy deposition of electrons generated from high energy

photons penetrating the detector is too low. This makes them

an ideal candidate for laser-plasma experiments; especially

at high power laser systems such as Trident, where radiation

background from the interaction can cause a significant

decrease in the signal to noise ratio. Neutrons, on the other

hand, causing hard knock-on reactions, will excite recoil

ions, which can transfer enough energy to vaporize a droplet

and form a bubble with a much larger volume. These bubbles

are easily observable with the naked eye or a computerized

readout system; the latter has been used throughout this

experiment. If not used, the detectors are stored under pres-

surized conditions to prevent spontaneous bubble formation;

prior to the experiment, the detector is armed by releasing

the pressure. Detectors with sensitivities from 7 bubbles/

mrem up to 62 bubbles/mrem have been used to achieve un-

saturated, but statistically significant signal depending on the

expected neutron flux. In order to measure the angular distri-

bution of the laser-generated neutrons, a total of up to 12

detectors was placed in different positions and distances

around the point-like source. To obtain the neutron yield

from the bubble detector measurements at each position, the

response function for these detectors is used. The function is

shown in Fig. 4; blue stars represent experimental data from

Refs. 37 and 38. In contrast to the above mentioned nuclear

activation of copper, bubble detectors are sensitive to neu-

trons below 1 MeV. The response is quite flat for neutron

energies up to 30 MeV, but for higher energies, the sensitiv-

ity is dropping by almost a factor of 3. Since the experiment

showed neutron energies of up to 80 MeV, we used the spec-

tral distribution of the neutron beam extracted from the

neutron Time-of-Flight (nToF) detector measurements (see

below) to obtain a more accurate value for the neutron flux.

The convolution of the interpolated bubble detector sensitiv-

ity (green solid line) with the neutron spectrum from the

nTOF measurements and the distance of the bubble detectors

to the source give the total neutron yield in neutrons/sr. After

each measurement, the detectors are pressurized again,

which compresses the bubbles back into their liquid droplet

form allowing to reuse them.

3. nTOF detectors

The neutron energy spectrum was measured in different

directions using several nTOF detectors (10 cm diameter,

1.88 cm thick NE102 plastic scintillators coupled to fast

12.5 cm Photo Multiplier Tubes, PMTs). Three detectors

were used as illustrated in Fig. 1(b): Detector #1 was placed

at 15� with respect to the laser forward propagation-

direction, 327 cm from the driver target. Detector #2 was

placed at 10� with a distance of 228 cm. It was later placed at

160� with respect to the laser propagation direction, at a dis-

tance of 335 cm and finally of 569 cm from the driver target.

Detector #3 was placed at 90� with respect to the laser propa-

gation direction, monitoring the neutron spectrum perpendic-

ular to the neutron beam path at a distance of 273 cm (see

Fig. 1(b)). During the campaign, the nTOF detectors were

shielded against x-rays with increasing numbers of lead

bricks up to 25 cm to minimize the prompt gamma signal

and enhance the signal to noise ratio for high energy neu-

trons with a shorter time of flight. The detection limit for

high energy neutrons is given by the overlap of the signal

with the gamma flash. Due to space constrains, the detectors

could not be moved further away in the experiment, giving a

detection limit of �200 MeV for this campaign. Each nTOF

detector signal was recorded by a fast digital oscilloscope; a

typical measurement is shown in Fig. 5 (blue solid line). The

strong, prompt signal from the laser driven x- and c-rays

(green solid line) and the known signal delay inside the PMT

serve as a time reference for the neutron spectrum analysis.

The energy dependent response function of the spectrometers

is calculated by convolution of MCNP-PoliMi data for the

FIG. 4. Sensitivity of BTI-BND bubble detector units (1 bubble/mrem cali-

bration) for different neutron energies. Experimental data are derived from

Refs. 37 and 38. The sensitivity is reduced by more than a factor of three for

neutron energies exceeding 30 MeV.
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scintillator material and the neutron energy loss due to the

lead shielding in front of the detectors. Fig. 6 shows the quite

flat response function of the nTOF detectors from 0.5 MeV

up to 50 MeV for different lead shielding.

4. Neutron imager

Neutrons emitted into the forward direction (the propa-

gation direction of the laser and the incident ion beam) were

in addition observed using an imaging neutron detector. The

neutron imager is a bundled array of scintillating fibers

(BCF-20) connected to a fast gated micro channel plate

(MCP) followed by a fiber rope and a high resolution CCD

camera. This system39,40 was developed at LANL initially to

diagnose the inertial confinement fusion experiments at the

National Ignition Facility (NIF) and used extensively at the

OMEGA laser facility. Neutrons, incident into the 5 cm thick

fiber array of the detector (consisting of 500 lm diameter

fibers), generate light that is transported through the fibers,

collimated by a coherent fiber taper, amplified by a gated

micro channel plate, and finally detected in a cooled, high-

resolution CCD camera. The scintillator is also sensitive to

the gamma rays produced during the initial laser-target inter-

action. The fast decay constant (1/e) of the scintillator is

2.7 ns, so that the gamma contribution can be eliminated

from the signal created by the neutrons that arrive 20 ns or

later after the gamma flash. This requires an appropriate tim-

ing of the MCP gate in addition to a 2 cm Pb shielding in

front of the scintillator. The system is able to use the gamma

flash itself or the neutrons in any selected energy range for

radiography or imaging purposes. The latter is of particular

interest to radiography applications, as it allows to study ma-

terial properties using different neutron energies. During the

experiment, the neutron imager was placed 2 m behind the

main laser-plasma interaction region, almost centered to the

laser and ion beam propagation direction (see Fig. 1(b)).

Different materials were used in front of the imaging system

to investigate attenuation of the neutrons and the neutron

imaging quality. To enhance the edge contrast of the image,

the source size was decreased from a square of 50� 50 mm

to circle of 3 mm diameter by reducing the distance of the

primary ion source to the converter target and adjusting the

dimensions of the converter to the energy distribution and

shape of the driving ion beam. A flat-field reference image

for the neutron imager was recorded using a neutron source

with diameter of >50 cm. The source was generated by

removing the beryllium converter and dumping the driving

ion beam into the steel target chamber wall, creating neu-

trons from (p,n)-reactions and deuteron breakup. A large

CR39 nuclear track detector plate served as a calibration ref-

erence to the neutron imager. Therefore, the CR39 was

fielded directly in front of the imager; as it is insensitive to

x-rays and electrons and no ions are to be expected to pass

through the chamber wall, the CR39 records a clean neutron

reference signal. A typical neutron image of an arrangement

of tungsten blocks is shown in Fig. 7. Detailed results of the

neutron imager will be published elsewhere.

III. RESULTS

In the beginning of the experiment, the proton and deu-

teron beam driving the neutron generation was analyzed.

The driver beams are generated by irradiation of CH and CD

targets with laser peak-intensities of 5� 1020 W/cm2. Target

thicknesses range from 100 nm up to 3.2 lm and allow ion

FIG. 5. Typical nTOF signal recorded with a fast digital oscilloscope. The

blue solid line is the raw scope trace. The red solid line shows the raw neu-

tron spectrum, accounting for the gamma flash, which serves as time refer-

ence (the green solid line).

FIG. 6. Spectral response of the nTOF detectors as a function of the neutron

energy for different thicknesses of lead shielding.

FIG. 7. Neutron image of an arrangement of 3 tungsten blocks of different

dimensions as measured with the scintillator in the neutron imager. The

imager started to record 31 ns after the x-ray/gamma flash. The gate time of

80 ns made the detector sensitive to neutron energies between 2.5 MeV and

15 MeV. Brighter grey scales correspond to higher neutron signal.
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acceleration in the before mentioned Break-Out-Afterburner

regime. In BOA, the laser energy is dominantly transferred

to the ions during the overdense but relativistically transpar-

ent phase of the laser-plasma interaction.19,41 The target

is relativistically transparent, when N=c � 1 < N with N
� ne=ncr the normalized target electron density and ncr

¼ mex2
0=ð4pe2Þ the critical electron density above which the

non-relativistic plasma is opaque to laser light of frequency

x0. During this phase, efficient acceleration of all target ions

to very high energies takes place; electrons, driven by the

laser, co-move with the ionized target and transfer energy to

the ions; while at same time, the laser continuously transfers

energy to the electrons.17 When the target is relativistically

transparent at the time the peak of the laser pulse is interact-

ing with the target, the mechanism works most efficiently.

As a result, all ions are accelerated to high energies in-

dependent of their q/m ratio.18 Using a deuteron-rich target,

such as a CD2 plastic target where almost all protons are

replaced by deuterons, can thus be used to efficiently accel-

erate deuterons in the BOA regime. This is in stark contrast

to TNSA, where electron heating in the laser field and energy

transfer to the ions is much less coupled and ions, predomi-

nantly protons, are accelerated only from the target surface,

rendering TNSA a rather inefficient mechanism to accelerate

deuterons. Optimum acceleration with BOA depends on the

actual laser intensity and contrast and the target density and

thickness; all these parameters influence the evolution of the

electron density during the laser-plasma interaction and

hence the timing of a relativistically transparent phase.

During this particular experiment, the optimum target thick-

ness was approximately 400 nm for the CH and CD targets at

which peak energies of 80 MeV and 100 MeV have been

measured for protons and deuterons, respectively. With thin-

ner or thicker targets, particle energies and numbers drop

rapidly (for more details, see Ref. 19). The spectra were

recorded with the iWASP, which was placed at a distance

approximately 25 mm behind the target (without the con-

verter in place). A typical deuteron spectrum is shown in

Fig. 8; the spectrum is an averaged line-out from 6� to 8� of

the angularly resolved 2D-map shown in Fig. 2. From the

iWASP measurements, we approximate the number of pro-

tons with E > 11 MeV and deuterons E > 15 MeV (the

lower detection threshold of the iWASP) within a 15� cone

to ð160:5Þ � 1011 and ð563Þ � 1011, respectively. For this

approximation, we assumed a radially symmetric beam dis-

tribution and took the IP calibrations from Refs. 42 and 43.

This would give a conversion efficiency of laser light into

deuterons on the order of 0.5%.

In the main part of the experiment, these beams were

dumped in a beryllium converter. The converter was placed

at distances of 5 mm up to 5 cm behind the driver target to

control the size of the neutron source. The lateral dimensions

of the converter were adjusted accordingly to capture the full

ion beam, which had an average cone half-angle of about

30� (see Ref. 19); the length of the converter was typically

5 cm, sufficiently long to stop protons and deuterons with

energies of 100 MeV and 135 MeV, respectively. It should

be noted that with the Be-converter in place, the use of the

iWASP ion diagnostic was not possible. For these shots, the

Thomson parabola at the front side of the target was used as

a reference for ion energies (see Fig. 1(b)). The measure-

ments indicate that the shot to shot variations of maximum

energies of the driving beam are minimal and fluctuate

around the values measured with iWASP. Beryllium consti-

tutes an excellent converter as it has a high cross-section for

neutron generation and at the same time has a low x-ray

yield from electron and ion deposition in comparison to

high-Z materials. In the converter, neutrons are expected to

be produced by two dominant mechanisms, depending on

the species and energy of the driver beam. With a pure pro-

ton beam, neutrons should mostly be generated in
9Be(p,n)9B-reactions; 9Be(p,2n)8Be reactions can also con-

tribute to the process at higher proton energies.44 Since the

incident proton beam typically has an exponentially decay-

ing energy spectrum and scattering of protons takes place in

the converter, the resulting neutron distribution is expected

to be quasi-isotropic, i.e., close to a homogeneous distribu-

tion in 4p. With a deuteron beam, neutrons can be generated

in 9Be(d,n)10B and deuteron-breakup reactions, i.e., by split-

ting of the loosely bound deuteron into a proton and a neu-

tron. The proton from the breakup-reaction can subsequently

generate another neutron via a follow-on 9Be(p,n)9B or
9Be(p,2n)8B-reaction. In this case, the neutron distribution

will have two components: the (d,n) and (p,n) reactions give

a point-like source distribution as described before, and the

breakup-reaction, on the other hand, is directed in the general

direction of the driving deuteron beam. The cone of the

directed part of the neutron beam depends on scattering of

deuterons in the converter and the original divergence angle

of the deuteron beam itself.

Starting with CH foils between 300 nm and 500 nm

thickness—the optimum for BOA—proton beams with

measured peak energies of up to 80 MeV have been dumped

in a beryllium converter. To prevent Be-contamination of the

target chamber, the converter was shielded with layers of

copper and plastic. The shielding sufficiently protected the

converter from plasma blow-off and transmitted light. The

12 bubble detectors placed around the target chamber

FIG. 8. Typical deuteron spectrum from a 400 nm CD foil target. The spec-

trum is an average from 6� to 8� of an angularly resolved measurement such

as shown in Fig. 2. Numbers are approximated based on image plate calibra-

tions published in Refs. 42 and 43.
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(see Fig. 1(b)) showed a nearly isotropic distribution, with an

approximated neutron yield of up to 5� 108 n/sr. The nTOF

detectors measured a peak neutron flux at an energy of

around 4 MeV and maximum neutron energies of 10 MeV to

20 MeV. A typical spectrum is shown in Fig. 9 (red

solid line). The results for CH targets are consistent with

Ref. 25.

Changing to CD targets of the same thickness and with-

out changing the laser parameters gave a driving beam of

deuterons with measured energies of up to 100 MeV and also

protons from surface contamination and target impurities.

The neutron beam distribution measured with the bubble

detectors showed two components: an isotropic component

from (p,n) and (d,n)-reactions and a peaked forward compo-

nent from deuteron breakup-reactions (see Fig. 10). The neu-

tron yield in the forward direction was one order of

magnitude higher with up to 4.4� 109 n/sr. All other direc-

tions measured much lower neutron fluxes of up to 1� 109

n/sr. With an approximated deuteron number of 5� 1011

from the iWASP measurements, this gives a total conversion

efficiency of 9� 10�3 n/sr/deuteron in the forward direction

and 2� 10�3 n/sr/deuteron in 4p. These numbers are on the

same order as predicted by Petrov et al.24 using a Lithium

instead of a Beryllium converter with an average deuteron

energy of �25 MeV.

Neutron numbers derived from the nuclear activation of

copper placed orthogonal to the beam path were on the order

of 5� 108 n/sr for neutrons above the detection threshold of

11 MeV. This number is in good agreement with the 4p-flux

measured by the bubble detectors that are sensitive to neu-

trons from below 1 MeV to >100 MeV. The source size has

been estimated with a standard knife edge measurement.

Here, a tungsten block in front of the neutron imager was

used as edge. For the optimized beryllium converter with a

3 mm diameter, a source size of 2.5 mm FWHM was

measured.

The nTOF-detectors detected the same forward directed

neutron distribution as the bubble detectors. The ones placed

orthogonal to the laser beam and parallel to its counter-

propagation direction still measured the peak neutron flux at

4 MeV with maximum energies of up to 20 MeV. However,

in the direction of the driving ion beam, the neutron flux

peaked at energies of up to 25 MeV with maximum energies

of 50 MeV to 80 MeV. A typical spectrum is shown in Fig. 9

(blue solid line). The high maximum neutron energies imply

that other neutron generating mechanisms are present such

as pre-compound reactions.45 (Neutron velocities from the

deuteron break-up are limited to the velocity of the original

deuteron, i.e., not more than half of its energy.)

It should furthermore be noted that the forward directed

neutron distribution vanishes and returns to a more 4p-like

distribution, when CD targets of several micron thickness

are used. Then, the driving ion beam is generated in the

FIG. 9. Neutron spectra from a 400 nm CH foil (red) and a 480 nm CD foil

(blue), measured with an nTOF detector. Peak flux is around 4 MeV with

maximum neutron energies of 15 MeV for the CH neutron spectrum. For the

CD target, neutron flux peaks between 10 MeV and 20 MeV with maximum

neutron energies of close to 100 MeV.

FIG. 10. Left side: Polar plot of the neutron distribution measured with bubble detectors using a 3.2 lm CD driver target. The distribution is nearly isotropic.

At this thickness, where TNSA is dominant, acceleration of deuterons is very inefficient and hence there is no forward component in the distribution. Right

side: Polar plot of the neutron distribution from a 400 nm CD driver target. Two components are visible, an isotropic one from (d,n) and (p,(2)n) reactions and

a strong forward directed one from deuteron break-up reactions. Far right side: Neutron spectra from nTOF-detectors at different positions around the target

chamber for the 400 nm CD shot. The neutron spectrum in forward direction (upper plot) shows the highest neutron energies, with peak flux at 15 MeV and

extending up to 60 MeV. The other detectors, middle and lower spectrum, show peak flux at a few MeV with maximum energies extending up to about

15 MeV, consistent with the results from CH shots.
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TNSA-regime—the target is too thick to turn relativistically

transparent—and mostly protons from the surface are accel-

erated. Acceleration of deuterons is suppressed and much

less efficient as compared to acceleration with thinner targets

in the BOA regime. This behavior is illustrated in Fig. 10.

The left side shows the neutron distribution measured with

bubble detectors for a 3:2 lm CD target. The distribution and

the neutron flux (few 108 n/sr) are comparable with shots on

CH targets and with results presented in Ref. 25. The right

side shows a typical neutron distribution measured for a

400 nm CD target and the corresponding neutron spectra

from the nTOF-detectors at different positions (see caption

of Fig. 10 for details). This forward directed distribution (in

energy and flux) is advantageous for most applications as

shielding requirements are reduced in comparison to 4p-

distribution.

It should further be emphasized that ion bunches from

typical laser-driven ion source have an initial pulse length of

not more than a few picoseconds.6 Taking dispersion and the

broad energy spread of the ion beam into account, the gener-

ated neutron beam will have a temporal spread of not more

than a few hundred picoseconds. While up to now research

utilizing neutron sources has been restricted to facilities with

conventional accelerators or test reactors, this method of

laser-driven neutron generation is a unique opportunity to

give small scale laboratories as well as universities access to

this field of research.

IV. SUMMARY

We presented a comprehensive analysis consisted of a

laser-driven neutron source. The driving ion beam consisting

of either only protons from CH targets or protons and deuter-

ons from CD targets with maximum energies of 80 MeV and

100 MeV, respectively. The driving ion beam was dumped in

a Be-converter for the generation of neutrons via (p,n),

(p,2n), and (d,n) reactions and via deuteron break-up reac-

tions. The neutron beam has been characterized with a set of

diagnostics consisting of a dozen bubble detectors, 3 nTOF

detectors, and a neutron imager. With CD targets of 400 nm

thickness, where efficient acceleration of deuterons takes

place in the BOA regime, the neutron distribution has a

strong forward directed component with 4.4� 109 n/sr and

maximum neutron energies of up to 80 MeV. This constitutes

an order of magnitude higher flux and 3 to 4 times higher

maximum neutron energies than previously reported. The

ability to generate dense MeV-neutron beams with lasers

also opens the field of neutron and neutron-assisted research

to a much broader community, including small scale labora-

tories as well as universities and also paves the way to new

compact and cost-efficient neutron-based applications.
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