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

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

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

Results from SGll-Shanghai experiments on CD?2 targets

NEXT
CONCLUSIONS

A. Anzalone et al. (LAPLAFUS coll.), Measuring the astrophysical S-factors in plasmas,
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Dynamics of Fusion in Plasmas

A. BONASERA

Laboratorio Nazionale del Sud, INFN, via Santa Sofia, 62, 95123 Catania, Italy

We investigate the possibility of gaining energy from nuclear fusion reactions using differ-
ent mixtures of D, T and °Li. First, a plasma in equilibrium is studied at different densities
and temperatures. In a second, highly non equilibrium case, the plasma is at high densities
and excitation energies. While the first case could lead to an energy gain especially when
coupled to an accelerator, in the second case the energy given to the system might be larger
than the output energy even for a D+T plasma. This is due to the small number of particles
which can be treated numerically. Furthermore, there is a possible double counting between
the elementary fusion cross section and the exact Coulomb potential used in the calculations.



Measuring S-factors in hot and dense plasma

Measure the number of fusion N, the plasma
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1.0 Title: Measuring Cluster Fusion Plasma Temperature and Density from
*He(d,p)*He and d(d,p)T Reactions

2.0 PI, Co-PI’s & Affiliation
Pls: 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)
P.Andreoli, R.DeAngelis, FConsoli, ENEA

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 10n 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)He’ reactions we now propose to mix He’ into the gas jet target to allow us
to measure simultaneously yields from the He’(d,p)He" 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
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High power laser can be used to generate neutrons
from the fusion reaction
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Nuclear fusion from laser-cluster interaction

D, gas tank
Supersonic Nozzle (high backing pressure)

<

High power
laser pulse in

* 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.



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

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

Short PUISQ <—>
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The pulse is now long and low ¢
power, safe for amplification

High-energy pulse
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(long pulse)
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Resulting high energy,
A second pair of gratings ultrashort pulse
reverse the dispersion of
the first pair and
recompresses the pulse

compressor



Texas Petawatt laser uses three OPCPA and two

Nd:glass amplifier stages and delivers a 190J Iaser %
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fusion experiments on the Texas Petawatt

Target area of the Texas Petawatt for the cluster fusion experiment
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cXperimental setup

Neutron 8 . 3 plastic
Neutron 9 scintillators
~ from UT

Neuiron 16

Laser beam direction

Faraday
cup

Proton A Proton B

Proton C
3 plastic

Neutron 13 l. scintillators

from UT
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Measured observables

Measure N. of ions

4mmmm Faraday cup

Temperature and the

number of the energetic
ions

Yield of 2.45 MeV neutrons —

Yield of 3.02 MeV protons

Yield of 14.7 MeV protons

Measure N.of fusions for

each channel
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PHYSICAL REVIEW C 87, 058301 (2013)
Gamow pecak approximation ncar strong resonances

Sachic Kimura
Departnent of Physics, University of Miluno and INFN, Sezione di Miluno, via Celorie 16, 20133 Milano, Daly

Alda Bonuscra
Cyeloiron Institate, Texay A&M University, Colleze Stativn Texas 77843-3366, USA and INFN-LNS, via Sania Sojfia 62, 93122 Caiania, Italy
(Received 29 November 20012: revised manuscript received 16 April 20013: published 23 May 2013)

We discuss the most cffective energy range for charged-particle-induced reactions in a plasma environment
ar a given plasma remperamre. The correspondence hatween the plasma temperature and the mosr effective
energy should be muxlilied Trom the une given by the Gumine pesk energy, in the presence ol a signilicant
mcident=enerpy dependence in the astrophysical S factor as in the case of resonant reactions. The supgested
modification of the effective energy range 1s important not only in thermonuclear reactions at high temperature in
the stellar environment, ¢.g.. in advanced hurning stages of massive stars and in explogive stellar environments,

s huas heen slrexly clhnmed, but also i the apphcation ol nuclear neactions driven by ullms-inlense luser-pulse
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Temperature Measurements of Fusion Plasmas Produced by Petawatt-Laser-Irradiated
D, — 3He or CD, — *He Clustering Gases

W. Bang,"* M. Barbui,” A. Bonasera,” G. Dyer,' H.J. Quevedo,' K. Hagel,” K. Schmidt,” F. Consoli,”
R. De Angelis,* P. Andreoli,* E. Gaul,' A.C. Bernstein,' M. Donovan,' M. Barbarino,” S. Kimura,”
M. Mazzocco,” J. Sura,” J. B. Natowitz,” and T. Ditmire'

'Center for High Energy Density Science, C1510, University of Texas at Austin, Austin, Texas 78712, USA
*Cyclotron Institute, Texas A&M University, College Station, Texas 77843, USA
*LNS-INFN, Via S. Sofia 64, 95123 Catania, Italy
*Associazione Euratom-ENEA sulla Fusione, via E. Fermi 45, CP 65-00044 Frascati (Rome), Italy
SPh.\'sics Department, University of Padova and INFN, 1-35131 Padova, laly

®Heavy lons Laboratory, University of Warsaw, ul. Pasteura 5a, 02-093 Warszawa, Poland
(Received 25 February 2013: published 30 July 2013)

Two different methods have been employed to determine the plasma temperature in a laser-cluster
fusion experiment on the Texas Petawatt laser. In the first, the temperature was derived from time-of-flight
data of deuterium ions ejected from exploding D, or CD; clusters. In the second, the temperature was
measured from the ratio of the rates of two different nuclear fusion reactions occurring in the plasma at the
same time: D(d, *He)n and *He(d, p)*He. The temperatures determined by these two methods agree well,
which indicates that (i) the ion energy distribution is not significantly distorted when ions travel in the
disassembling plasma; (i1) the kinetic energy of deuterium ions, especially the “hottest part’ responsible
for nuclear fusion, is well described by a near-Maxwellian distribution.

DOIL: 10.1103/PhysRevlett.111.055002 PACS numbers: 52.50.Jm, 25.45.~z, 36.40.Wa

Nuclear fusion from explosions of laser-heated clusters  deuterated methane cluster plasmas produced by the irra-
has been an active research topic for over adecade [1-11].  diation of a clustering gas jet by 150 fs petawatt peak
Researchers have used explosions of cryogenically cooled  power laser pulses. We find that the effective ion tempera-
deuterium (D,) cluster targets or near-room-temperature  ture produced can be in excess of 25 keV.
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Measurement of the Plasma Astrophysical S Factor for the *He(?H, p)*He Reaction
in Exploding Molecular Clusters
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Synopsis: Nuclear Reactions in Lab Plasma
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Model-independent determination of the astrophysical S factor in laser-induced fusion plasmas
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In this work, we present a new and general method for measuring the astrophysical S factor of nuclear
reactions in laser-induced plasmas and we apply it to *H(d.n)"He. The experiment was performed with the Texas
Petawatt Laser, which delivered 150-270 fs pulses of energy ranging from 90 to 180 J to D, or CD4 molecular
clusters (where D denotes ?H). After removing the background noise, we used the measured time-of-flight data
of energetic deuterium ions to obtain their energy distribution. We derive the § factor using the measured energy
distribution of the ions, the measured volume of the fusion plasma, and the measured fusion yields. This method
is model independent in the sense that no assumption on the state of the system is required. but it requires
an accurate measurement of the ion energy distribution, especially at high energies, and of the relevant fusion
yields. In the *H(d .n)*He and *He(d. p)*He cases discussed here, it is very important to apply the background
subtraction for the energetic ions and to measure the fusion yields with high precision. While the available data
on both ion distribution and fusion yields allow us to determine with good precision the S factor in the d + d case
(lower Gamow energies), for the d + *He case the data are not precise enough to obtain the § factor using this
method. Our results agree with other experiments within the experimental error, even though smaller values of the
§ factor were obtained. This might be due to the plasma environment differing from the beam target conditions

in a conventional accelerator experiment.

DOI: 10.1103/PhysRevC.93 045808

L INTRODUCTION

The nuclear reactions between light nuclei in the low energy
region (~ keV),

d +d — SHe(0.82 MeV) + (245 McV), (1)
d+d — p(3.02MeV) + 1(1.01 MeV), (2)
d + *He — p(14.7 McV) + *He(3.6 McV). (3)

have been studied for many decades [1-10]. The role of low-
energy nuclear physics is crucial in both astrophysics, playinga
key role in the determination of primordial abundances in Big
Bang nucleosynthesis (BBN) models, and applied (plasma)
physics, as it lies in the energy region of interest for the
ooeration and desien of future fusion power plants. Direct and

with bare nuclei and with the ones occurring 1n astrophysical
plasmas [1,6,13,14].

Other physical conditions are possible which might de-
crease the astrophysical factor, dubbed the dissipative limit
(DL) in [11,12]. In a hot plasma, duc to the large number
of positive and negative charges, fusions occurring in an
“clectron” cloud might be enhanced. If, however, a large
number of positive charges is present in the region where fusion
occurs, then the cross section might decrease. In laser-cluster
interactions we might be able to create such conditions, thus
it would represent a good chance to study the fusion cross
sections within stellar plasmas in a laboratory. In particular,
we can explore temperatures ranging from few keV up to few
tens of keV and a density just above 10'® atoms/cm’. These
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FIG. 1. The Faraday cup signal (AV) versus the time of
flight of the deuterium ions recorded by the cedllope for one
experiment of the cxmpaign. The first steep peak whose tal
extends to hundreds of ns overlapping with the second peak
is due to the X-rays produced by the interaction of the laser
inside the vacuum target chamber. The second small peak (<
107 "s) is associated with energetic deuterium ions produced
in the Coulomb explosion. The big wide double-featured peak
at 3-20 us = due to slower sub-keV ions resulting from the
plasma wave propagation in the surrounding and cold cluster

gas (16, 24]
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FIG. 2. Deuterium ion distribution = recorded in the
FC (in red) and after background subtraction (black). The
high energy tail is due to the x-ray noise from laser-cluster
interaction.

recorded the armrival of energetic deuterium ions for 20 us.
The first spike whose tail extends up to hundreds of ns
reached the full scale of the oscilloscope for all the shots
of the campaign and it 18 due to the x-rays produced
by the interaction of the laser and the target inside the
vacuum target chamber. This feature is common in this

Make a good measurement of the ion distributions

and get rid of the noise



IV. THE METHOD

For each shot, we can derive the S-factor at a given en-
ergy defined by the Gamow peak for the nuclear reaction
(11) as

1
[Ea_a(E)E"

Si-d(Ec) = (13)

where X, 18 defined as:

Agg + Ag-r

Ta-) = y =)

, (14)

where, using eq.(4),

_ [ N exp(~2wnE)
Ass “""/ iE B F

(13)

4d{8)

and

dN exp(—2mnE
A,,,:p,,uz-t)/dEexp( 1 )dslulm. (16)

E
Similarly
1
Sawelbe) = Ty EaE amn
where
B
Yami(E) = W, (18)
and
B dN exp(—2xnE)
B = Rp:n:/ B 5 dE P (19)

For each event, we assume that the S-factor is nearly con-
stant and the Gamow peak energy is a good represen-
tation of the energy at which nuclear reactions mostly
occur. Since we have measured the number of fusions
and the distribution function, we can easily evaluate the
integrand in equations (13) and (17) by using the ex-
perimental ion distribution function, after background
subtraction, in order to provide an evaluation of the S-
factor. This is the essence of the proposed method and
it is clear that the major sources of uncertainties are the
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| 107
Ecrm [keV]

FIG. 4. X(E) for the nuclear reactions (1) and (3) is plot-
ted versus the center-of-mass energy of the fusion nuclei. The
area under the curves gives the inverse of the S-factor. The
d+d BB (in red) and BT (in blue) contributions are plot-
ted together with their sum (binned, black) and the d+*He
one (green). The latter are also plotted without applying any
background cut (thick dashed grey and cyan lines). The max-
imum of this quantity locates the Gamow peak energy. The
solid (red) up and (blue) down triangles respectively repre-
sent the BB and BT contributions of (1), the solid (black)
circle is their sum and the solid (green) square is used for the
reaction (3).
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xploding D, cluster

D-D fusion

' ®
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[11] S. Kimura, A. Bonasera, Influence of the electronic
chaotic motion on the fusion dynamics at astrophysical

energies. Nucl. Phys. A 759 (2005) 229244.
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Nuclear fusion ‘rom explosions of laser heatad clusters has
been an active mscarch topic for over a decade |1 11]. The
plasions of cryogenically cooled dewterium (D)) custer targets or
near room temperature dewterium methase (C)g) cluster targets
drive fuszion reacticns. A high internsity femtozecond liser pulie
irrediated the clastzr gas. Thi; produces erergetic exglosioas of
the clusters aad tens of keV ion plisma temperaurs resaltz. 0D
‘usion occurring within this kigh temoerature plasma combined
with beam targe: fusion, betweea the cjected ions of the clastzr
and zarrmunding cold cluster gas, leads to a burst o fusion nea
trons and protons. Following these experiments, we have mocified
some aspects in order tc be :ble to messu~e the engs of ener
getic ions in the cold cluster gases. Fecall that the range of ions is
crucial to estimate the fusion mtes in the plasma. We have opper-
turely fecusec the laser in such 2 way that the high-enzrgy pulse
drillz a *hcle” in thke target We found that lezs than 108 o the
lazer energy went through the cluster gas for exch shot.

A schemratic view o this scenario is plotted 'n Fig. 13, while an
actual experimental resut is given in g 1b. Two Maradsy cups
‘I'C) weme opporturely locatec: the first one |UTIC) as close as

* Comcaponding autho:
£ med sddreer sbonacerzBcomp tamusdu (A Bosacers).
T in leave fmer STUAP Shangai, Mhna

sty [ éx.doi.orgf 11016 physleta 2017.00016
2375-9601 2 2017 Esevier B.V. All rights reserved.

possible to tae incoming hszer direction ( 62.5° minimum| thus
mreasuring esseatially the hot plasma only; the secand ore (CTFC)
was located at an angle around 15¢, zee Fig. 1, and compatble to
the physical constraints of the laberatory (wallz) The ratio of the
FC zgnals gives an indication of the mnge of the ions in the zur
reundirg cold duster gzs. Ju- experimental results show that the
renge ofthe ions n the dwster gas is almoct independent of trei- energier
axd it is much shorter thax the renge celaulcted using the popela- SRIM
code forinstance [ 15]. The physics included i SRIM or s milar mod-
ek, is the slawing down cf keV ions due %o the interactior with
electrons in the uniform gas. In ouwr case, the gas has not an uni-
ferm density distrbution but it & mace of droos of diferent sizes
well sxnlainedd by 3 lag-nomal distribatian [16.17] farmed durning
the ‘ree expansion isto vicuurr after the opening of the puliec
valve. Drops can presert zlready inside the vahe >efore the ex-
pansanr_ if the gas ic prepawd fo- irstanes near the eriteal point of
the hqrid-ga (| (3} phase trarsitinr It ic of great interest tn stady
what happers in thoee ~awec after the gac sranvle Near the -
ond orcer LC pkase tranzition, the mass distribution of the clusters
fellrws the Rcher's aw and in paricelar it ic 3 nower law at the
critical pant [18] The free expansian might charge surh digring-
rinn Thereetical ralealatinns of a lassical interacting gas. whick
freely expancs zfter bas bezn prepared nzar the critica’ poin: [19].
do not display much variation from the predicted Fishers cluster
distribition Thns, the dnster size distributine ohtained “rom the
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Fig 1. 3) Schematic view of the experimental setup with the location of the two
Faraday cups respect to the impinging laser beam; b) image obtained in one shot
(#9700) using a Dz gas. A is the laser focalization and R the nozzle opening. The
nozzle is visible on the |t hand side of Fig. 1b.

expansion from the critical point might be very different respect
to the log-normal distribution [ 16,17

The laser ionizes the clusters and the ions expand quickly be-
cause of the Coulomb repulsion. Those energetic ions might move
in all directions including the cold region as schematically shown
in Fig. 1a, and can be absorbed by a cluster on its path of size R,
with a probability essentially given by the geometrical cross sec-
tion. Notice that if no cold region is present, which can be obtained
by opportunely defocussing the laser beam or decreasing (increas-
ing) the nozzle pressure (temperature), the final ion angular dis-
tribution becomes isotropic. If the plasma ion is very energetic it
can break clusters of relatively small sizes thus producing low en-
ergy ions. This ‘multiplication’ effect has been discussed already
in the literature as a ‘blast wave’ [ 1-14]. Depending on the cluster
size distribution we can have different ion ranges somehow depen-
dent on the initial pressure and temperature of the gas inside the
valve [20]. In this scenario we can study the influence of the initial
conditions on the ion range and in particular see the effect of the
system prepared in a particular state, near the LG phase transition
as we will discuss below. There is no need to stress the importance
of exactly measuring the range of keV ions in particular states of
matter to understand the influence of the phase transition on nu-
clear fusion reactions. We also measured the fusion yields in the
very same conditions and its analysis is in progress.

In our experiment, the Texas Petawatt laser (TPW) delivered
50-100 ] per pulse with duration 150 fs-2 ps [21] to irradiate the
clusters. It utilized an f/40 focusing mirror (10 m focal length) to
create a large interaction volume with laser intensities sufficient
to drive fusion reactions. This laser power and focusing geometry
increased the neutron yield many times that of previous cluster
fusion experiments [10]. Recent improvements in the laser archi-

Sl smes oeewet]toesd ten cnemes smeeleo s ton i TTHRAI nvbmons sarctl Conb o o v

In Fig. 2, we plot the ion distributions for different shots using
D,, (D4 and N, gases, respectively. We have tested that the two FC
measure the same ion current when A in Fig. 1 is of the order of
the nozzle diameter (5 mm). When the plasma ions travel through
cold regions of size d,, d; in Fig. 13, they might be scattered, ab-
sorbed or slowed down. The ion distribution measured by the FC
(UTFC), which sees the hot plasma, is degraded and measured by
the second FC (CTFC):

a’N B a3N -5 :
dEAQ (CTFO) = dEdQ(U” C)e 1)

where A is the ion range in the cold cluster gas, § =d, — d,. We
notice that for most of our shots dz is equal to zero.

The ion distributions and the range obtained from equation (1)
are plotted in Fig. 2 as function of the energy per particle. The
SRIM results for a homogeneous gas at different densities are gven
in the bottom panels with full and dashed lines. This work (see
below) and previous experimental results give densities of the or-
der of 10'® atoms/cm® [1-10]. Also, SRIM range results for C ions
propagating in the cold gas are given for the CD4 case, center bot-
tom panel of Fig. 2. Notice that when plotting the SRIM results as
a function of the energy per nucleon (2. 12 and 14 for d. "*C and
“N respectively), completely different stripped ions (ie. C and D)
scale quite well at the given density (Fig. 2 bottom-center panel).
This implies that the slowing down of ions in homogeneous mat-
ter is essentially dependent on its velocity and not on the energy.
Another feature to notice is that the SRIM results depend linearly
with the density, Fig. 2, thus the guantity Ap is expected to be
independent of density, see below |15]. The SRIM calculations are
in complete disagreement with our results since the experimen-
tal in-homogeneous cluster gas distribution is in contrast with the
theoretical uniform distribution. The EMP affects the high-energy
tail of the ion distribution. Since the FCs are located at different
distances the EMP dominates earlier the signal of the FC located
closer. This is especially visible in the center and right panels of
Fig. 2 since the CTRC was located at 3 m while the UTRC was at
1.1 m from the target. The change of slope in the UTFC ion dis-
tribution below 100 keV/nucleon reflects a sudden increase in the
range. We can assume that the range is fairly constant at least
in the region 1-80 keV and maybe even for higher energies. De-
pending on the gas density, the experimental range differs from
the SRIM calculations by orders of magnitude. Notice that different
clusters, either D, a mixture of C and D or pure N gases give sim-
ilar ranges and any deviations are due to the initial pressure and
temperature at the nozzle. This is consistent with the Coulomb ex-
plosion model since all ions have the same charge over mass ratio,
thus we expect that a mixture of ions (for instance in CD4) have
the same energy per nucleon distribution and similar range.

We can estimate the range of plasma ions in a cluster gas at
average particle density p. The gas is composed of different clus-
ters of size R.. The mean free path of an ion in the cluster gas can
be ectimated claccicallv ac
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Neutron enhancement from laser interaction with a critical fluid
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Abstract

We discuss neufron production from a system prepared near the liquid-gas critical
point. The petawatt laser at the University of Texas-Austin was focused on a cluster
gas producing a hot plasma. Using deuterated methane, it is possible to prepare the
system very close to its crifical temperature and pressure. We let the fluid expand
through a conical nozzle and irradiate it with the laser. After the ionization, the
clusters explode and the collision of two energetic ions might produce neufrons from
fusion reactions. We show that the critical fluctuations present in the nozzle before
the expansion influence the dynamics of neutron production. Neutron production near
the critical point follows a power law, which is a signature of a second order phase
fransifion and it is consistent with the Fisher model. This result might be relevant for

energy production from fusion reactions.

Nuclear fusion from explosions of laser-heated clusters has been an active research
topic for over a decade [1-14]. The explosions of cryogenically cooled deuterium
(D;) cluster targets or near-room-temperature deuterated methane (CD;) cluster
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R Cryogenic Measure plasma ions kinetic energy
d+t Target distribution: determine non-equilibrium ana

or solid thermal components
SLid(t) d+t—>a+n 3He+d9a+p.
h ]3 .
s Measure number d+d—>3He+n(t+p) t+(197L1+Y
of fusions In t+t—>a+2n S

‘He+a> Bety Li+t>°Betn "Be+a>'"’C-n  nt+'Be>2a

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

+— W

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.
il In the 18 months we plan to perform 8 shots @ NIF with

various targets-laser beams combinations and
il preliminary data analysis completed.
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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
P¥.fusion products+CR39 as
/< @t ckup detectors+foils to
yycollect debris for later
™ analysis.
Neutron detectors already in
use @NIF +more detectors if
needed for angular
distribution+diamond
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operating since 2011
8 beams output 40 kJ/3 ns/1 w, 24 kJ/3 ns/3 w

PW laser (1.5kJ, 2ps, 2011)
for SINAP\SIOM\TAMU\INFN\IMUN
Collaboration



Cross sections\S-factor\reaction rate in plasmas

The effect of ternary fusion reactions Highly compressed and not so hot plasma

Nf1=Ni*p<ovt>/2= Ni*p<c1>r1/2
Nf2=Nf1*p<02>r2

d + d — 3He (0.82 MeV) + n (2.45 MeV)
d+d —t (1.01MeV) + p (3.02 MeV)

d+t— 4He ( 3.5MeV ) + n (14.1 MeV)
d + *He — 4He ( 3.6MeV ) + p (14.7 MeV)

(@
1| Wik | *He (0.82 MeV) n (2.45 MeV) t (1.01MeV) p (3.02 MeV)|

2 | P4 | |%He ( 3.5MeV ) n (14.1 MeV) “He ( 3.6MeV ) p (14.7 MeV)
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what is the number of 2.45MeV neutron "’\‘

should we have? s '\\

Neutrons would scatter between the walls. N A
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deplete the neutron peaks ey

What is efficiency of our NDs? | A
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How many plastic bricks and lead bricks do MWW

we need to stop the EMP or x ray? W
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CONCLUSIONS
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