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Abstract

We report the highest compression reached in laboratory plasmas using eight laser
beams, Elaser≈12 kJ, τlaser=2 ns in third harmonic, impinging on a CD2 target at
the ShenGuang-II Upgrade (SGII-Up) facility in Shanghai-China. We estimate
the deuterium density ρD=1.2×1027cm−3, or 8.0 kg/cm3 for CD2, and the aver-
age kinetic energy of the plasma ions less than 1 keV. The highest reached areal
density ΛρD=4.8 ± 1.5 g/cm2 was obtained from the measured ratio of the se-
quential ternary fusion reactions (dd→t+p and t+d→α+n (En=14.1MeV)) and the
two body reaction fusions (dd→3He+n (En=2.45 MeV)). At such high densities,
sequential ternary and also quaternary nuclear reactions become important as well
(i.e. n(14.1MeV) + 12C→ n’(E’n)+12C* etc.) resulting in a shift of the neutron
(and proton) kinetic energies from their birth values, En=2.45 MeV and 14.1 MeV
respectively. The estimated lifetime of the highly compressed plasma is about 52
± 9 ps, much smaller than the lasers pulse duration of the order of nanoseconds.
The reached areal densities are more than a factor 4 larger than the values reported
from the National Ignition Facility (NIF), Livermore-USA. Our approach opens
up a different route to study nuclear dynamics in compressed plasma, for instance
measurement of fusion cross-sections at high density and low ions kinetic energy.
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Energy production from fusion reactions in non-equilibrated and dense plasmas
might be competitive with other (near equilibrium) methods currently under in-
vestigation.

The understanding of the fascinating supernovae explosions [1–3] as well as1

the social requirement of clean, cheap and easily available energy [4] obtainable2

from nuclear fusion power plants requires the microscopic understanding of the3

nuclear reactions in plasmas. Especially for hot and very dense plasmas, such4

as in the interior of a star, or in a highly compressed nuclear fuel, it is crucial5

to know the probability of fusion and the range of the ions at the density and6

temperature of the system. Fusion reactions are usually measured in beam-target7

experiments and are reliable for relatively large beam energies. At low beam8

energies, the probabilities are extrapolated from higher energies through direct9

[5–10] and indirect methods (THM, ANC etc..[9–13]) but all these methods do10

not guarantee that in the hot and dense plasma the fusion reaction process is not11

influenced by the motion of the electrons and the other ions. Furthermore, the12

range of the ions in the plasma is quite different from the range in a cold target.13

We can express the probability of fusion as:14 ∏
= 1− e−Λ/λ = 1− e−Λσρ ∼= Λσρ (1)

which contains all the ingredients needed for understanding the dynamics of fu-15

sion in the plasma. Λ is the range of the ion in the plasma, i.e. the distance16

travelled by the ion before loosing its kinetic energy; it is relatively well known17

and understood in cold targets as the slowing down of the ions due to electro-18

magnetic interactions (plus nuclear processes at high energy) [14]. σ is the fu-19

sion reaction cross-section and depends on the center of mass (C.M.) energy of20

the colliding ions and it is usually measured in beam-(cold) targets experiments21

[9, 10]. It might be strongly influenced by the medium when high densities ρ or22

low temperatures are reached. New methods to measure these quantities directly23

in the plasma have been recently investigated using a petawatt laser impinging on24

a cluster target. Fusion cross sections for d+3He [15], dd [16] and the range [17]25

have been measured also in the cases where the system is prepared near the crit-26

ical point for a liquid gas phase transition [18]. While the fusion cross sections27

have been found in reasonable agreement with accelerator experiments, the range28

showed some dependence on the cluster distribution, which in turn depends on29

the equation of state of the system. Consequently, according to eq.(1), the number30

of fusions is influenced as well. The typical density in these experiments is of31
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the order of 1018 ions/cm3, the range 0.5cm and the temperature of the plasma32

tens of keV. The laser strips the cluster of its electrons, thus the charged ions re-33

pel each other due to their Coulomb charge. The kinetic energy acquired by the34

ions depends on the cluster sizes and can be of the order of tens of keV for large35

cluster. It is the distribution in energy and the angle of the emitted ions, which36

make it resemble to an equilibrated system. In reality the system is chaotic, with37

a flat angular distribution and the Maxwellian distribution reproduce rather well38

the measured kinetic energy of the ions [17, 19]. Strong non-equilibrium effects39

did not prevent a good understanding of the plasma dynamics and a precise mea-40

surement of the ingredients entering eq.(1). The important lesson is that such41

effects will always be present when a system is somehow brought from its ground42

state to plasma. Careful methods might be devised to keep the system as close43

as possible to equilibrium for instance using several laser beams to compress and44

heat a target [20]. Nevertheless, important out of equilibrium effects might still45

be present [21–23] and prevent the optimization of nuclear fusion reactions to-46

wards a prototype of a nuclear reactor. Stimulated by these considerations we47

decided not to fight non-equilibrium effects but rather enhance them, i.e. study48

plasmas highly compressed and completely out of equilibrium. Reaction cross-49

section measurements are traditionally performed in accelerator experiments thus50

involving out of equilibrium effects. A scheme for a colliding beam fusion reactor51

has been proposed as well [24] and most important there is no a priori reason why52

non-equilibrium systems cannot be used to clarify some fundamental questions as53

well as be used for practical applications, i.e. a nuclear reactor. Recent experi-54

ments have also shown a substantial increase in the number of fusions using the55

Target Normal Sheat Acceleration (TNSA) mechanism [25], which utilizes short56

pulse lasers to accelerate light ions to impinge on a cold target [26, 27] or on a57

plasma [28]. In previous experiments at the ABC laser facility [29] these features58

have been explored using two laser beams strongly focalized on a flat and thin59

target from opposite directions. Microscopic simulations for out of equilibrium60

systems [30] suggest that opportunely choosing the target size and material, it is61

possible to reach high densities where catastrophic nuclear process might occur.62

The model also suggests the possibility of first compressing a target in spherical63

or cylindrical symmetry and in a second (or third) stage increase its temperature64

using an ion beam of suitable energy and focalization.65

At the SGII-Up laser facility, 8 beam lasers can be used to obtain exactly66

what we discussed above [31]. A schematic view of the target chamber with67

the 8 laser mirror guides is given in fig.1a). Using 4 beams impinging on a flat68

target from the top (t), and 4 laser beams impinging from the bottom (b), we can69
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obtain a beam of ions moving from t to b, and another beam of ions moving in70

the opposite direction (b to t). Thus we obtain beam-beam collisions similar to71

[24] as observed at the ABC-laser system with two laser beams, 100J each in 272

ns [29]. This mechanism might be also considered as a double TNSA (TNSA2)73

with nano (pico) second lasers. In fig.1b, we display a schematic view of the74

target geometry where the laser beams hit the target surface of radius R. The75

laser is focalized at the center of the CD2 target with a radius r. For very thin76

targets R≈r>150µ, presently the highest possible focalization at SGII-Up. The77

thickness h (as well as r and R) was varied to optimize the number of fusions78

and to prove that effectively beam-beam collisions are occurring. For h→∞, we79

expect the laser beams to act independently, i.e. produce ion beams, which are80

reflected back. To find the optimal thickness for which the ion beams ‘follow’81

the laser direction, we broke the cylindrical symmetry by using 3 laser beams on82

t and 4 beams on b for some shots. The target thickness was varied from 1mm83

to 200µ and the focalization varied from 150µ to 400µ. The number and energy84

of the produced ions were measured using faraday cups (FC) located in the t and85

b directions at 2.9m distance, see figure 1c). Other FCs were located at different86

angles in the same plane of the target, which we indicate as north-south (NS)87

plane. Thomson parabolas (TP) with image plates (IP) at the focal plane and CR3988

plastic detectors were also located inside the chamber (1.2m radius) at different89

angles and heights. Bubble detectors (BD) were used to measure the number90

of fusions close to the target. Liquid and plastic neutron detectors (ND) were91

located outside the scattering chamber at different distances to measure neutrons92

and they were calibrated on the BD [32]. A schematic view of the chamber with93

the location of the detectors is given in figure 1c.94

The ‘trick’ of using 4 and 3 laser beams respectively demonstrated that even95

for the thickest target, 1mm, the ion beams follow the laser direction. In fact the96

FC located in the opposite direction of the 4 laser beams showed higher ion sig-97

nals. For these ‘asymmetric’ shots, the total laser energy was about 12kJ and the98

pulse duration 2 ns. The FC located in the NS plane gave essentially no signal,99

demonstrating the high directionality and out of equilibrium nature of the plasma.100

The TP gave no signal as well, thus suggesting that no ions of kinetic energy101

above roughly 100keV (the minimum energy for which the image plate are sensi-102

tive) were produced in the NS plane. Since laser energies slightly fluctuate from103

shot to shot, when using the full 8 laser beams, we always checked that the high-104

est number of ions was detected from the FC located opposite to the side where105

the sum of the laser energies was greater. Thus we are quite confident that for106

target thickness of 2 mm we had beam-beam collisions (or TNSA2). SGII-Up107
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Figure 1: (color online) Experimental setup. a) Schematic view of the target chamber with the 8
laser mirror guides. b) Schematic view of the target geometry. c) Schematic view of the chamber
with the location of the detectors.

facility offers also the possibility to vary the lasers energy and the pulse duration108

by keeping the power constant. Thus we varied the laser energy from about 19kJ109

in 3ns to 2kJ in 250ps. Highest compressions were found with the longest pulse110

duration giving about 108 neutrons, while the highest plasma ion kinetic energies111

were found with the shortest pulse duration and lower neutron yields of the order112

of 105.113

In figure 2 we show the signals obtained from the t and b FC (a) and the typical114

signals obtained from the TP (b): H, D and the six charge states of C are visible.115

For this shot, h=20µ, r=150(*3)µ, and laser pulse duration 250ps. In this case 3116

laser beams were displaced in such a way that each laser beam center was at the117

vertex of an (imaginary) equilater triangle; the fourth beam was focused at the118

center of the triangle. The same geometry was adopted for the b and t beams.119

The distribution plotted in fig.2a demonstrates that we obtained kinetic energy of120

protons (p) (an impurity of the CD2 target) and deuteriums (d) of the order of MeV.121

This is similar to the TNSA mechanism discussed above with the difference that122

we have two such energetic ion beams moving against each other. Notice also that123

the energetic ions observed with the TP are in the same plane of the target, i.e.124

perpendicular to the laser direction. This rather curious result is a consequence125

of the high density reached by the plasma and we will discuss it in more detail126
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elsewhere. For the moment we would like to focus on the fact that long laser127

pulses, say 3ns, produce high ion yields with kinetic energies of the order of 1128

keV, while short pulses produces >100s keV ions with small yield.

Figure 2: (color online) a) Energy distribution from the top (full circles) and bottom (open circles)
FC, and TP (full triangles). b) TP spectra relative to the laser irradiation of CD2 target.

129

In a CD2 target, fusion reactions might occur if the kinetic energy of the col-130

liding deuterium ions is sufficient to overcome the Coulomb barrier. An optimal131

energy for this system is of the order of tens to hundreds of keV. Our attempts132

above changing the lasers pulse duration, had the intent to optimize the resulting133

ions kinetic energies and maximize the number of fusions. Unfortunately, since134

the laser seed is the same for all beams, it is not possible presently to have lasers135

of different pulse duration at the same time: a small obstacle that we hope to136

overcome in future experiments. In the plasma, the main fusion channel reactions137

are138

d+ d→ t+ p Q = 4.03MeV

d+ d→3 He+ n Q = 3.27MeV

These reactions occur with the same probability, and we refer to these as two body139

fusion reactions N2. The yield is given by:140

N2 = Ni <
∏
dd

> /2 (2)

Ni=ρ0V is the total number of ions which can be calculated from the CD2 initial141

density ρ0 and volume V of the target given by the cylinder of thickness h and142

6



radius r, fig.1b). <
∏

dd > is the average of eq.(1), and it depends on the ion143

kinetic energy distribution. If the plasma is in thermal equilibrium, the factor 2144

is needed for identical ions. In the case of beam-beam collisions, half of the ions145

travel in one direction and half in the opposite one, thus a further factor of 2 is146

needed in eq.(2) and the average is over very narrow ion distributions in energy147

and angle as in our case. The energetic neutrons (2.45MeV) as well as the protons148

(3MeV) can be measured using the ND and the CR39 detectors respectively. In149

principle other ion species might be measured using the CR39 but to distinguish150

them is quite difficult thus we covered the detectors with a thin Al foil to stop ions151

with larger charge than p. However, the produced t and 3He have kinetic energy152

slightly below 1 MeV and the probability of fusion for such energies is quite large153

and well known from the literature. Thus we can have ternary fusion processes154

i.e.:155

t+ d→ α + n Q = 17.59MeV
3He+ d→ α + p Q = 18.35MeV

This is the onset of nuclear catastrophic reactions, i.e. reactions that can release156

large energy in the plasma and warm it up. The number of fusions N3 can be157

easily calculated as above:158

N3 = N2

∏
dt

= N2(1− e−Λρσ(dt)) (3)

similarly for the other reaction. Notice that in this case we have no average159

sign, in fact the t(3He) has 1.01MeV kinetic energy and the plasma kinetic en-160

ergy is relatively low (about 1keV in the best cases) and can be neglected. Us-161

ing the ND we can measure the 14.1MeV (N3) and the 2.45MeV neutrons (N2),162

σ(dt)=0.4b=0.4×10−24cm2. Since all quantities entering equation (3) are known163

or measured, we can invert the equation and derive the areal density Λρ shot by164

shot. Thus with this method we use nuclear reactions to measure the areal den-165

sity at the time of maximum compression where we expect the ternary yield to166

be highest. In cluster experiments the reached density was rather small, and very167

rarely we observed ternary fusions. In the scenario described here we got a ratio168

N2/N3≈5 in some shots revealing a tremendous compression! Notice that the total169

energy release from ternary fusion reactions is comparable to the two body fusion170

reactions taking advantage of the large Q-value. This is an extremely important171

result since further compressions (with more laser energy or other features) might172

decrease the ratio even more [30], thus fuel targets might be prepared with smaller173

concentration of the radioactive tritium.174
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Figure 3: (color online) TOF results for 14.1MeV and 2.45MeV neutrons from liquid scintillator
detector.

An example of the neutron measurement is displayed in figure 3, obtained us-175

ing a liquid scintillator neutron detector located at L=3.3m from the target. For176

this shot the target thickness h=79µ focalization r=300µ, total laser energy 18.7kJ177

and pulse duration 2.92ns. The raw time of flight (TOF) spectrum (opportunely178

divided by the detector distance L) is given in the inset. It shows a strong EMP for179

very short times (which gives us the start time but forces us to locate the detector180

as far as possible from the target) followed by a small bump corresponding to the181

14.1MeV neutron and a huge bump at longer times (2.45MeV). The decay time of182

the EMP is a characteristic of the detector and associated electronics and can be183

parameterized as an exponential decay. A ‘clean’ spectrum can be obtained after184

subtracting the exponential decay and it is plotted in the figure 3. The TOF/L is185

converted in neutron energy in the top axis. The two neutrons peaks are clearly186

visible showing that the 14.1MeV peak is quite comparable to the 2.45MeV, a187

signature of the high compression. The ratio N2/N3 is obtained by integrating the188

neutron signal from 14.1MeV to 2.5MeV (N3) and below 2.5MeV up to 1.0MeV189

for N2, taking into account the different detector sensitivity to the energetic neu-190

trons. The largest error comes from the minimum energy adopted to estimate the191

2.45MeV. This is due to the fact that 14.1MeV and 2.45MeV might be shifted192
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down below 2.45MeV. Furthermore, some neutrons might be bounce back neu-193

trons of any energy depending on their trajectory and detector distances. Thus we194

estimated the 2.45 MeV by integrating the signal down to 1 MeV in one case and195

to 0.25MeV in another case. We averaged the results and estimated the resulting196

error in about 30%. The other important feature is that the first peak seems shifted197

from the 14.1 MeV birth value suggesting that neutrons collide with other ions198

before exiting the dense plasma. This shift in energy is observed in most shots199

and other examples can be found in the supplement (will come soon). Thus qua-200

ternary collisions are important as well and we will examine them more in detail201

below.

Figure 4: (color online) Fusion yield as function of laser energy. Different experimental results
[18, 19, 33–35, 38–42] are indicated in the inset.

202

In figure 4 we plot dd fusion yield as function of laser energy in joules. Our203

results are given by the full circles and compared to other experiments. The204

open symbols refer to yields obtained with short pulse lasers and cluster targets205

[18, 19, 33]. The parameterization given in [33] is given as full line, we have cor-206

rected it with the deuterium concentration (C1,C2) since it was obtained using pure207

deuterium gases [33] while us and other groups are using CD2 targets (C1,C2=1/4)208
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thus corrections are needed to take into account the carbon (or other impurities)209

present in the target. Notice that this parameterization with the concentration cor-210

rection is in good agreement with that given in ref.[43] which studied fusions in211

CD2 target using ps-laser and the TNSA mechanism in thick targets. The result of212

ref.[33] was obtained with low energy fs laser pulses and it is in surprising, maybe213

coincidental, agreement with the Omega result obtained on ice D and long laser214

pulses [34]. In fact, does not matter how the plasma is produced but its features215

entering eq.(1), for instance, neutron yields of the order of 109 were achieved by216

the SGIII-proto collaboration using a smaller hohlraum structure and 6.3 kJ laser217

energy[35], a completely different scenario from ours. We have not been able218

to find in the literature experimental neutron yields above the full line in figure219

4. Our results are competitive with other experiments using solid targets and we220

predict the yield to increase maybe a factor 16 using pure D ice instead of CD2.221

Since N2, Λρ (from the ratio) and Ni (from geometry) are known, we can invert222

eq.(1) and derive σ for each shot. Assuming that the cross-section is not modified223

by the plasma environment, we can derive the corresponding T [19] if we assume224

the plasma to be in equilibrium or the C.M. energy of the colliding ions if it is out225

of equilibrium [23]. Since we are going to use this result for the purpose of com-226

parison to other experiments, we will derive an effective T from < σ > obtained227

inverting eq.(1) (the x-axis in figure 5).228

The measured neutron spectra clearly suggest that they interact on their way229

out from the dense plasma. They can collide elastically with the hydrogen con-230

tained in the target, and, depending on its energy, also inelastically with C (possi-231

bly breaking it into 3α through the Hoyle or higher C exited states) and D atoms.232

Even though the shift in energy cannot be precisely asserted because of the detec-233

tor response, we can estimate its effects. The number of quaternary reactions N4234

can be obtained from eq.(3) substituting 4 with 3 and changing the cross sections235

depending on the reaction channel. We are interested in the neutron energy deple-236

tion from its birth value and it can be estimated from the difference N’3=N3-N4:237

N ′3 = N3 −N4 = N3(1− 1 + e−Λρσ(nC;nD;...)) (4)

In optimal conditions to warm up the plasma, we need the neutrons to release most238

of their kinetic energy, thus N’3 <N4 which after some simple algebra leads to the239

condition: Λρσ(nC;nD;..)>ln2. The reaction cross-section of n with C, D, H and240

other ions are known. We can define an average reaction cross-section over the C241

and D content of our CD2 target taking into account their concentrations. For the242

14.1 MeV we obtained an average cross section larger than (we have ρDL(1.5b/2243

(n+12C)+2*0.4b(n+d)) 1b.244
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Figure 5: (color online) Λρσ/ln2 obtained from eq.(4) vs T from eq.(1).

In figure 5 we plot the quantity Λρσ/ln2 obtained from eq.(4) vs T from eq.(1).245

If this quantity is much larger than 1 then most of the 14.1 MeV neutrons have246

been depleted. In the same plot we display some results obtained at NIF (squares)247

and at Omega (stars), using 0.9b average cross-section (1.0b for n+t and 0.8b248

for n+d). Our results reach values around one, apart one shot obtained with the249

smallest laser energy and pulse duration. The NIF results [22] are located below250

1 while Omega is well below such value [22]. The main reason why we reached251

higher values is because of the cylindrical symmetry that let us concentrate all the252

laser energy into a small spot [30] while for the other experiments, even though253

the total laser energy was much larger, the effective target area was much larger.254

It seems that the price to pay is the smaller T in our case. Of course a clear255

comparison with the other experiments cannot be done if thermal equilibrium or256

not can be definitely asserted. But it is clear that in order for our approach to257

produce more fusions, we need to increase < σ > (thermal) or σ (collective) and258

it is the goal of upcoming experiments at SGII-Up.259

In conclusion, in this paper we have demonstrated the reaching of record high260

densities in laser compressed plasmas adopting cylindrical symmetry. The method261
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could also be referred to as a double TNSA mechanism. The ratio of 14.1 MeV262

and 2.45 MeV neutrons gives a direct information of the areal density Λρ [36, 37].263

If we further assume that the range is equal to the thickness of the target at maxi-264

mum compression, we can write Λ ∼= N1/3
i /ρ1/3 apart a coefficient of the order of265

one. The maximum observed areal density in our shots was ΛρD=4.8± 1.5 g/cm2,266

Ni ≈2.3 ×1018 thus ρD=2.3 × 1027 cm−3, or 8.0 kg/cm3 for CD2, using the rela-267

tion between Λ and ρ. The ions kinetic energy is about 0.6 keV from which we268

can obtain an average velocity v =
√

2T/md; a characteristic time Λ/v=52± 9 ps269

can be associated with the plasma lifetime at maximum compression or the beam-270

beam crossing time. It can be compared with the bang time obtained at NIF [20]271

of the order of 150ps. Longer plasma lifetimes imply more neutron reaction and272

this must be balanced with the higher densities obtained with our geometry. An273

optimal determination of all these factors will determine the efficiency of nuclear274

fuel burning. Our approach is different from the different pathways followed in275

the literature, but even in its infancy looks quite promising“il buongiorno si vede276

dal mattino” (a good beginning bodes well).277
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