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6.2. NEUTRON YIELD FROM VARIOUS TARGETS 95

The conclusion drawn from this problem is that the proton contaminants must

be removed prior to the shot to generate an ion beam containing a desired species.

A very successful method to do this is heating the target to ≈1000◦C, so the

contaminants are boiled off the surface. Unfortunately this does not work for

preparing a deuteron beam, because all deuteron containing compounds known

to me decompose at much lower temperature and therefore are boiled away as

well. The only method that worked reasonably well for deuterons was heating the

target rear surface with a ns-pulsed Nd:YAG laser about 1 ms before the main

shot. In this case, the CD-coated aluminum foil was replaced by a deuterium-

loaded titanium foil, where deuterons are embedded in the bulk metal. This time

the catcher was made from the same material. The TOF-spectrum is shown in

Fig. 6.8.

      












 

 ! 

"


#
$ %









 

&
 


'

(

)

 '(%)





Figure 6.8: Shot 06012033 .

The exponential decay of the gamma signal is gone because of a reduced detector

voltage. Now, the most neutron signals cluster around an energy of >2.45 MeV,

with only few late signals. This is an indication of a reduced proton content in the

beam. The ratio of neutrons in forward and sideways direction drops to 0.9, which

is somewhat below the expected value for pure d-d fusion. The neutron yield for

this shot was only 3.7 × 106, with an even higher laser energy than for the two

unheated shots. The identical yield for those two shots can be explained by the

fact that obviously the total efficiency for neutron production from d-d fusion is

much smaller than from proton breakup. While the cross-section (see Fig. 6.5)

of the p(d,n)2p-reaction is higher only at energies above 6 MeV, the main factor

leading to this difference is the much higher efficiency for proton acceleration.

On the other hand, this comparison shows that laser heating the rear surface

actually can remove protons to a certain degree. The cleaning is not perfect, as
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Neutron Source 
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Idea of  laser driven neutron source

 Neutrons
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EXFOR database

Nuclear activation imaging spectroscopy 
(NAIS)

deconvolution
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Neutrons are a unique tool to probe and alter 
material properties

New Diagnostics: fast neutron radiography of 
transient phenomena
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Experimental setup
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Proton acceleration with lasers :
Static electric fields
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Abbildung 2.1: Sketch of the TNSA-mechanism. The laser pulse coming from the left is focused into the
preplasma on the target front side generated by amplified spontaneous emission of the laser system (a).
The main pulse interacts with the plasma at the critical surface and accelerates hot electrons into the target
material (b). The electrons are transported under a divergence angle through the target, leave the rear side
and form a dense electron sheath. The strong electric field of the order of TV/m generated by the charge
separation is able to ionize atoms at the rear side (c). They are accelerated over a few µm along the target
normal direction. After the acceleration process is over and the target disrupted (⇥ns), the ions leave the
target in a quasi-neutral cloud together with comoving electrons (d).

After the fastest electrons have escaped at the rear side leaving the target positively charged, a strong
electrostatic potential is built up due to the charge separation, because the remaining electrons are trap-
ped by Coulomb forces. They are held back and forced to return into the target. Due to this mechanism
an electron sheath is formed at the rear surface of the target. The sheath can only extend over a thin
layer before it is completely shielded. The characteristic distance is called the Debye length, see equa-
tion (6.24). Typically, ⇥D is a few µm [21] for the laser and target parameter within the framework of
this thesis. The initial electric field strength in vacuum can be obtained analytically [89, 90] by solving
Poisson’s equation for the one dimensional case:

�0
⇤2�
⇤z2 = e ne. (2.15)

The electron density in vacuum follows a Boltzmann distribution, where the kinetic energy of the elec-
trons is replaced by the potential energy Epot = �e �:

ne = ne,0 exp
�

e �
kBTe

⇥
(2.16)

with an initial value of ne,0 ⇤ 1020 cm�3. The solution of equation (2.15) can be transformed to the
expression for the maximum electric field at z = 0 by solving E(z) = �⇤�/⇤z:

Emax =
⌅

2
kBT
e ⇥D

. (2.17)

A sheath field of 2 TV/m (or MV/µm) is calculated for kBTe = 1.3 MeV and ⇥D = 0.9 µm. However,
for later times the field strength is a function of the dynamics at the rear side, e.g. ionization and ion
acceleration.

12 2 Proton Generation by Laser-Matter Interaction
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TNSA vs. BOA

Accessible with moderate contrast lasers
Micrometer sized targets
Spectrum limited to 70 MeV
Surface acceleration

High contrast lasers needed
Sub-Micrometer sized targets
Ion energies exceeding 120 MeV
Volume acceleration
Heavy ions (deuterons) at same speed as protons
Lower EMP and less debris
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Break out Afterburner (BOA)

Laser Breakout Afterburner – Mechanism

a) Target Normal Sheath Acceleration (TNSA) phase
b) Intermediate phase
c) Laser Breakout Afterburner (BOA) phase

17.11.2011 | TUD (IKP) | M. Roth | 3

Operated by Los Alamos National Security, LLC for NNSA 
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Break-out afterburner (BOA) ion acc. –VPIC simulation 

2D-VPIC: 58nm DLC target & Trident laser with 5x1020W/cm2 
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BOA from pre-expanded CH2 foils 

VPIC: 100nm CH2 target & Trident laser with 2x1020W/cm2 

2D-VPIC: Pre-pulse has negligible effect 
on BOA and final ion energy. 
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Ideal laser 132 MeV 450 MeV 

Real laser 121 MeV 447 MeV 
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Targets for BOA

CH2 Targets 

Full-density film 

Low-density film 

•  Poly(4-methyl-1-pentene), trade name TPX (Mitsui, Inc.) 
•  Soluble in cyclohexane  
•  Full density films (800 mg/mL) dip- or spin-cast (<200 nm – 1 um) 
•  Low density foams (5 – 50 mg/mL) produced by freeze-dip-casting, freeze 

drying (~50 um) 

2 mm 

CD2 Targets 
•  Deuteropolyethylene(85% D content) 
•  Soluble in hot toluene/ xylenes 
•  Full density films (940 mg/mL) drop-cast onto warm Si wafers (300 nm- 1um) 
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Volume instead of surface acceleration

Using CD targets: No cleaning needed
one order of magnitude more deuterons than protons when using BOA
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BOA does really work

Ultimate test of ion energies using NAIS

85 MeV 105 MeV 130 MeV

85 MeV 140 MeV 173 MeV

PROTONS

DEUTERONS
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Be-Converter in Copper shielding
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Up to 25 cm of lead shielding
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Bubble detectors for neutron yield 
measurement

Insensitive to gamma rays

easy to field and to read out

reusable
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BOA vs. TNSA
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Change in directionality

4 Pi Component

Forward component
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Results using the f 1.5 parabola and 1021 W/cm2

1e10 
8e9 
6e9 
4e9 
2e9 

n/sr 

Neutrons: 
>1010/sr 
>200 MeV 
Peak @ 70 MeV 

60 J of Laser energy 
1x1021 W/cm2 

PHELIX has four times  
the energy available 

A recent test experiment at lower energies (April 13) has shown the presence of ion 
beams driven by BOA higher than 60 MeV comparable to the first TRIDENT campaign!
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Gated Neutron Imager
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First short pulse laser driven fast neutron 
radiography
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Prospect

Using BOA:
1012 deuterons @ 20 MeV
yield is consistend with data from 1975

Second campaign: Higher energies and 
higher D2 resulted in more than 1011 neutrons
@ 70 MeV and up to energies of 200 MeV 

The forward D2 breakup is already 
comparable to 2x1011 n

Using BOA and novel Targets (cryo) VPIC 
indicate 200 MeV/u ...

Changing to Ta or Cu converter reduces 
safety hazards on the converter

@ 10 Hz: 1 kW HESP laser, diode pumped,
20 kW electrical input > 1013 n/s possible
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Summary

•First laser driven neutron radiography

•Using gated imager and gamma flash objects can be probed with x-rays 
and neutrons at different energies --> material identification

•Using BOA instead of TNSA results in 20 times higher neutron yield and 
increased directionality (2 x 1010 n/sr) with only 80 J of laser energy

•Two components observed: beryllium excitation and deuteron breakup

•Neutrons with more than 200 MeV observed (Pre-compund reaction)

•In 1 cm behind the converter: 200 n/µm2 and 2 x 1019 n/cm2s to alter 
material

•Neutron science becomes available to universities using short pulse 
lasers
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