
Using lasers for Nuclear Physics: measuring cross-sections in (non) 
equilibrium plasmas

INTRODUCTION:
Create energetic ion beams under specific physical 
conditions,  for basic nuclear science and applications. 

Results from U.T. (Austin, TX) experiments with petawatt 
laser on D+3He targets (measuring the astrophysical S-factor in plasmas)

Results from SGII-Shanghai experiments on CD2 targets

CONCLUSIONS
A. Anzalone et al. (LAPLAFUS coll.), Measuring the astrophysical S-factors in plasmas, 

4th Int. Conf. on Fission properties of neutron rich nuclei. Sanibel Is. Nov. 2007. J Hamilton et al. eds. P.541. 
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Measuring S-factors in hot and dense plasma
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Measure the number of fusion N, the plasma 
phase space densities (i.e. T) n1,n2 (e.g. p+B) 
and volumes then recover the cross-section 

(or S-factor)

Alpha tracks from laser (p+B) interaction 
at ABC-ENEA (LAPLAFUS coll., W.Sci. in 
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Add a third 
axis:density!
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1.0 Title: Measuring Cluster Fusion Plasma Temperature and Density from 

3He(d,p)4He and d(d,p)T Reactions 
 
2.0 PI, Co-PI’s & Affiliation 

PIs: Todd Ditmire (UT Austin), Aldo Bonasera (Texas A&M, LNS INFN Catania-
Italy) 
Co-investigators: W. Bang, G. Dyer, H. Quevedo, A. Bernstein  (CHEDS, UT Austin) 
M. Barbui, M. Barbarino, G. Giuliani, K. Hagel, Z. Hua, J. Natowitz, K. Schmidt 
(Cyclotron Institute, Texas A&M University, College Station, TX) 
A. Caruso (Kore University, Enna-Italy) 
J. Sura (Heavy Ion Institute, Warsaw, Poland) 
S. Kimura (LNS INFN Catania-Italy) 

 
3.0 Experimental Objectives and Concept 

 
We propose to conduct experiments that follow on from the successful deuterium 
cluster fusion experiments in early 2011 on the TPW.  Specifically we propose a 
detailed investigation of ion temperature in hot exploding cluster plasmas.  To do this 
we will simultaneously measure the experimental yield from two different nuclear 
reactions.  While our first experiments utilized pure deuterium to drive the d(d,p)T 
and d(d,n)He3 reactions we now propose to mix He3 into the gas jet target to allow us 
to measure simultaneously yields from the He3(d,p)He4 and the d-d reactions.  
Because these two reactions have different cross sections, measuring the ratio of the 
yields between these two reactions will allow a precise determination of the plasma 
temperature at the time when the reaction occurred (assuming thermalization).  The 
measure of the experimental yield from sequential reactions will also make possible a 
direct measurement of the plasma density at the time of the reaction.   Once the 
conditions of the plasma are determined we can extract astrophysical S-factors as well 
as the range of charged particles in plasmas.  Ultimately we plan to study ‘exotic’ 
reactions of fundamental importance to understand stars evolution such as sequential 
α fusion reactions leading to 12C.  The proposed experiment is a collaboration 
between CHEDS scientists and the Nuclear Physics group from the Cyclotron 
Institute at the Texas A&M University.   
 
The first planned experiment will investigate the nuclear reactions produced in the 
laser induced explosion of deuterium clusters.  The reaction d (d,n) He3 has been 
extensively studied in the last years by the UT group, by detecting the characteristic 
2.45 MeV neutrons.  We would like to complete the information derived from 
previous experiments by measuring the 3.02 MeV protons resulting from the reaction 
d (d, p)T.  We would also like to estimate the yield of the secondary reactions 
He3(d,p)He4 and T(d,n)He3 by detecting the characteristic 14.69 MeV protons and 
14.5 MeV neutrons respectively.  Although these secondary reactions are difficult to 
study due to their low probability, they are of primary importance to derive the 
density and temperature of the plasma. 
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D2 gas tank
(high backing pressure)

High power 
laser pulse in

Supersonic Nozzle

• Most of the laser pulse energy is 
absorbed by the atomic clusters.
• Clusters experience Coulomb 
explosion after electrons escape. 
• DD fusion occurs, and 2.45MeV  
fusion neutrons are produced.

High power laser can be used to generate neutrons 
from the fusion reaction

Nuclear fusion from laser-cluster interaction

Cyclotron Colloquium, June 8, 2011



Expected fusion reactions: 

D + D  ->T (1.01 MeV) + p (3.02 MeV)  
(50%) 

D + D -> 3He (0.82 MeV) + n (2.45 MeV)  
(50%) 

D + 3He->  4He (3.6 MeV) + p (14.69 MeV)  
(100%) 

D + T->  4He (3.5 MeV) + n (14.1 MeV)  
(100%) 



Chirped Pulse Amplification (CPA) is the basic technique 
for modern ultra-intense, ultrafast lasers

Cyclotron Colloquium, June 8, 2011

Short Pulse 
Oscillator

A pair of gratings 
disperses the spectrum 
and stretches the pulse 
by a factor of >1000.

The pulse is now long and low 
power, safe for amplification

High-energy pulse 
after amplification

(long pulse)

A second pair of gratings 
reverse the dispersion of 
the first pair and 
recompresses the pulse

Resulting high energy, 
ultrashort pulse

amplifiers

stretcher

compressor



Texas Petawatt laser uses three OPCPA and two 
Nd:glass amplifier stages and delivers a 190J laser pulse

f=10m focusing mirror

Vacuum 
Compressor

Diagnostics 
for the laser

Cyclotron Colloquium, June 8, 2011





Target area of the Texas Petawatt for the cluster fusion experiment

LN2 cooling line

We have conducted the first laser induced cluster 
fusion experiments on the Texas Petawatt

Faraday cup

scintillation 
detectors @2m

TA side camera

Cyclotron Colloquium, June 8, 2011





Proton A Proton B 

Neutron 13 

Neutron 8 

Neutron 16 
Neutron 9 

Laser beam direction 

Proton C 

Faraday 
cup 

3 plastic 
scintillators 
from UT 

Cryo-cooled  
nozzle 

3 plastic 
scintillators 
from UT 



Measure V for each event



Measure N. of ions

Measure N.of fusions for 
each channel
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Make a good measurement of the ion distributions 
and get rid of the noise







Plasma is a harsh environment. If the collisions occur in 
the presence of electrons, the probability might go up
If they occur in the presence of positive charges, probability might go 
down: DISSIPATIVE LIMIT!
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October 13, 2014 
 
Dr. Aldo Bonasera 
Texas A&M university 
Cyclotron Institute 
college station, TX 77843 
abonasera@comp.tamu.edu 
 
 
Dear Dr. Bonasera: 
 
Thank you for submitting your proposal for NIF Discovery Science (DS) entitled: “Dynamics of fusion 
in hot and dense plasmas: influence of the electronic motion and non-equilibrium effects on the 
astrophysical S-factor” 
 
Proposal Category: Platform Development 
 
As part of our process for evaluating the NIF DS proposals, we would like to invite you to defend your 
proposal during the peer review process via web conference. Detailed web conference instructions will 
be emailed one week prior to your presentation: 
 
Date: Wednesday, November 12, 2014 
Time: 8:55 - 9:20 AM (PST) 
 
The defense presentations will be allocated 25 min. total: 15 min. for the presentation and 10 min. for 
discussion. Please follow the guidelines below, using the suggested number of viewgraphs (vgs) in each 
section as an upper bound, and prepare no more than 10 vgs total for your presentation: 
 

• Development objectives:  the science that would be enabled by this new capability; expected 
impact to the field; the need for this capability to be developed on NIF (as opposed to other 
facilities); quantitative description of the goals of the development project; and an estimate of 
what fraction of the proposed capability development can be accomplished in the 18 months 
under consideration for your proposal.  (1-2 vgs) 

• Development approach:  the development method and how it will be tested, such as modifying 
or enhancing a diagnostic, developing a new diagnostic, developing a new target or capsule type, 
developing a new laser configuration, developing a new experimental configuration, and/or 
carrying out experiments and development work at other relevant facilities. (2-3 vgs) 

• Laser requirements:  if shots are required for this capability development proposal, describe the 
number of laser beams, laser energy/beam, peak power/beam, pulse shape, pointing, delay, 
backlighter beams (energy, power, pulse shape, pointing, delay), phase plates, other non-routine 
requirements.  (1 vg) 



Dynamics of fusion in hot and dense plasmas: 
influence of the electronic motion and non-

equilibrium effects on the astrophysical S-factor. 
PI: A. Bonaseraa,b 

a) Cyclotron Institute, Texas A&M University, College Station, TX 77843, USA, (+1)9798451411, 
abonasera@comp.tamu.edu; 

 b) Laboratori Nazionali del Sud, INFN, via Santa Sofia, 62, 95123 Catania, Italy, (+39)095542289, bonasera@lns.infn.it. 

mailto:abonasera@comp.tamu.edu
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Cryogenic 
d+t Target 

or solid 
6Lid(t)

Measure plasma ions kinetic energy 
distribution: determine non-equilibrium and 

thermal components

NIF

Laser-
Beams

Measure number 
of fusions in 

d+t—>a+n 
d+d—>3He+n(t+p) 

t+t—>a+2n

..3rd,4th …order nuclear reactions.Some reaction can be measured, some NOT.

From these informations we can derive the astrophysical 
S-factor for the main channels and some of the higher 
order reactions as function of temperature, density and 
collective energy of the plasma.
In the 18 months we plan to perform 8 shots @ NIF with 
various targets-laser beams combinations and 
preliminary data analysis completed.



Measure energy-angle distributions of the plasma ions using 
Faraday cups. Also perpendicular to the laser beams.

Measure ions having kinetic 
energies >100KeV using 
Thomson parabola and 
image plates or similar.

Use scintillators for charged 
fusion products+CR39 as 
backup detectors+foils to 
col lect debr is for la ter 
analysis.

Neutron detectors already in 
use @NIF +more detectors if 
n e e d e d f o r a n g u l a r 
d i s t r i b u t i o n + d i a m o n d 
detectors

SCHEMATIC















Work in collaboration with:

Thank you !

• Next stops: 

• d+t

• d+d+232Th+…

CONCLUSIONS


