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Preface

e Relativistic Heavy lons = Highly relativistic flow

e There are direct applications for new Technology
e Relativistic Fluid Dynamics (RFD) =» for high T

* Nuclear energy =2 Nuclear fusion

e Radiation dominated Relativistic Detonations

e China: ~20-30 Nucl. Reactors;
by 2020: 58GWe, 2030: 150 GWe (3G = 26GWe)
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Nuclear Fission
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U-235 can be found in nature
Other fissionable nuclei are: U-233, Pu-239 (not in nature)
These can be formed from U-238 or Th-232 < exists in Norway

Neutron activation may take place in reactors = burnt reactor fuel
contains Pu-239 - gained out in reprocessing & can be reused.

=» Nuclear energy is renewable

(1 truck fuel ~ 1 year !l )
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[1]6.2.1

Nuclear Fusion
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« D+T = a (*He)+n leads to large energy
production(a is strongly bound)



[1]6.2.2

Nuclear Fusion

D +°D — T +p + 4,04 MeV.
2D+ 2D - 3He 4+ n+3.27 MeV.

D 4+3T — 4He +n

» More energy per mass 3.6 MeV/Nucl. (vs. ~1 MeV/Nucl. in fission)
e Tritium (T =°H) must be produced, (T1,,=12.3yr.)e.g. with a reaction:

“Li+n—4He+2T+4.8 MeV. & additional energy prod.
. In TOKAMAK these reactions may run simultaneously, (in ICF not).
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The confinement problem

 The plasma should be maintained for a time 7, at
a given density in order to have more fusion
energy production than the losses.
There are two types of confinement possibilities:

* |nertial confinement (e.g. H-bomb)

 Magnetic confinement
(e.g. Sun: Gravitational & Magnetic)



Sun-surface - plasma

The picture was made using the Swedish
Solar Telescope on the Canary Island of La
Palma. The filaments' newly revealed
dark cores are seen to be thousands of
kilometers long but only about 100
kilometers wide. Resolving features 100
kilometers wide or less at optical
wavelengths, these images are sharper
than even current space-based solar
observatories can produce. Recorded on
15 July 2002

I
5000 kilometers

Viscosity/Scaling are important to extrapolate to other scales !
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International Thermonuclear Experimental Reactor
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ITER

Heating: 73 MW - Output: 500 (700*) MW »> Q=10

‘%

Csernai - Fusion

for t=8 min

February 2015
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Outline

e Pellet Fusion and NIF

e Results from the US National Ignition Facility (NIF)
* Instabilities

e Radiation dominated Relativistic Detonations

 Modifications to achieve ‘quasi-simultaneous’

volume ignition
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Journals Stories in 2014
APS News
* News Updates Top Ten Physics News Stories in 2014

= Issue Archives Every year, APS News looks back to see which physics news stories grabbed the attention of the public. This list

is not necessarily a compilation of the most important advances or discoveries of the year, but rather the ones

= Features Archives 4 p .
that seemed to garner the most headlines and column-inches. In (roughly) chronological order, the top ten

= Announcements physics stories of 2014 were:
= Contact APS News Fusion Milestone
_ Physicists at Lawrence Livermore National Laboratory

Physics announced in February that they reached an important
Physu-:sT(;day """"""""""""" milestone: At the National Ignition Facility, 192
__________________________________ simultaneous laser pulses blasted tiny hydrogen pellets,
Capitol Hill Quarterly and the resulting fusion reactions emitted slightly more
---------------------------------- energy than was initially absorbed — a key first step in
Other APS Publications inertial confinement fusion. However, there is still a long

way to go before the machine produces a net gain in
energy, since the pellets absorbed only a small fraction of
the incoming laser energy.

12



Inertial Confinement Fusion

Radiation Blowoff Thermal energy transported inward

1. Laser beams or laser-produced X-rays rapidly heat the surface of the fusion

target, forming a surrounding plasma envelope.
2. Fuel is compressed by the rocket-like blowoff of the hot surface material.

3. During the final part of the capsule implosion, the fuel core reaches 20 times
the density of lead and ignites at 100 million °C.
4. Thermonuclear burn spreads rapidly through the compressed fuel, yielding

many times the input energy, ...
13



The ICF research
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Lasers at NIF

The Au hohlraum at NIF



15



Indirectly Driven, ICF target for NIF

By using powerful lasers or ion beams to compress a pellet of fusion fuel to the
right temperatures and pressures

A schematic of the National Ignition Facility (NIF)
At Lawrence Livermore National Lab

a Inner cone b Shot
N130027

- Laser beams heat walls
- Walls emit thermally (x-rays)

- X-rays compress and heat

MN130927
3 shock .~

the fusion capsule
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T EV)

entrance hole . ?1:132:;4 - X_rays high Iy Sym mEtriC!

| Low foot

Laser quads 0.0 5.0 10.0 150 20.0
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[O.A. Hurricane et al., Nature, 506, 343 (2014), d0i:10.1038/nature13008 ] 16



e The hohlraum

e The reconstructed size &
shape of ignited source

M130927T equatarial view M131119 equatonial view
Kapton channel Kapton channel
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Rayleigh-Taylor Instability

- unstable compression, blocking Fusion Energy

a)

S

(Rayleigh, 1883)

e Major instability:
Heavy material pushes on
low density one

e Will always occur since
driver is never 100%
symmetric

 The Rayleigh-Taylor
instability always grows

2.1 0.1
oz -0.2
03 0.3
od 0.4 0.4 | 0.4
|
0.5 05 05! 65!
i a1 a2 a a1 0.2 a a1 ul f [ 0
% X X %
Hydrodymamics simulation of a single “finger® of the &

Bayleigh—Taylor instability[lz] Hote the formation of Eelwin—
Helmholtz in=tabilities, in the second and later snapshots shown
[starting initially arcund the lewel y‘ = []:l, as well az the
formation of a “mushroom cap” at & later stage in the third and

fourth frame in the sequence.
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Approximate energy efficiency of diff. process steps of NIF:

Input energy of the laser

S
(xenon lamps are powered by a capacitor bank) O . 2
s O o
X9 x=
o . O3
Laser Infrared output 3.6 N = /)]
(amplified IR light of the laser) MJ T 0 9 Q
O ~~C ©
= 0 0O
Laser UV output 1.8
(about 50% is left after conversion to UV) MJ

Laser energy absorbed by the hohlraum

Capsule compression

<1.5

(theoretical prediction: about 85% is left after the X-ray conversion in the MU
hohlraum)
Laser energy absorbed by the outer layers of the DT target pellet <220
(thecretical prediction: about 15% of the X-rays are absorbed by the outer K
layers of the target)
Actual energy absorbed by the DT target pellet .
(based on report that more energy for this shot was released than UV- K
energy that is absorbed in the DT-target).

Energy out

Energy released by fusion reactions
~14 kJ

ifraction 3.3x1077 of input energy of the laser)

0.003318% !

53200
a5g8s
5555
w o
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Distance, micrometers

RT Instability — spherical implosions / explosions
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Distance, micrometers

80 |

Energy must be
delivered as
sysmmetric as
possible!

3 million kilometers

Striking similarities exist between hydrodynamic instabilities in (a) inertial confinement fusion capsule implosions .
and (b) core-collapse supernova explosions. [Image (a) is from Sakagami and Nishihara, Physics of Fluids B 2, Of th es h e | | Su rfa ces .
2715 (1990); image (b) is from Hachisu et al., Astrophysical Journal 368, L27 (1991).]

after launch of
ignitor shock

as burn begins

¥ (om)

| % NIF-spec outer
surface roughness

2 x NIF-spec outer
surface roughness

3 x NIF-spec inner
surface roughness

Left: same roughness of inner and outer
surface as specified for the NIF target

Center: outer surface roughness is twice the
NIF level

Right: DT inner surface roughness three times
larger than NIF specifications

[S. Atzeni et al., Nucl. Fusion 54, 054008 (2014).]

Different levels of corrugation
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Reynolds number - Mechanical Instabilities
Re=1lulv
v =n/ p Kinetic viscosity
o —density, 7 —viscosity, /—length, «—velocity

In an ideal fluid any small perturbation increases and leads to turbulent flow.
For stability, sufficient large viscosity or heat conductivity are needed!

In RFD detonations fronts are stabilized by

radiation and heat conductivity.
-Rocket propulsion

-Implosion, fission and fusion reactions
-Heavy lon Reactions

The instability of deflagration front is not desirable at supersonic fronts; With
Increasing temperature the radiation becomes dominant and stabilizes the
flame front (Zeldovich & Raiser, 1970)

21



Shocks, Detonations and Deflagrations

Simple analytical solutions of FD

[L. P. Csernai, Introduction to Relativistic Heavy lon Collisions, (Wiley, 1994)]

C.M. frame

+ n
Shock Shock
front front

r/_
J | v=0
IO Yy
/- 1
Projectile Target

Figure 5.6: Schematic density profile of two colliding nuclei along the central beam
axis, z. In supersonic impact the density increase happens in shock fronts. The matter
ia at rest in the middle
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The shock as a one dimensional problem:

' 11

Shock C.M frame

front

v =10 l\

B ] il.l } '!H."i

Shock frame
Shock
front

Vi

Vo < Ug — 1 > Uy

v, local sound velocity

Denote two sides “1” and “2”

The shock front viewed in
Shock’s reference frame

The shock is at rest:
Matter flows across

Stationary front :

Energy E, Particle number N and
Momentum P are constant

0]1=0,-0, ([Vl=v,—v )

Matter is flowing in and out with different velocities, v, < v 4 (!!! M.S.)



Eulerian FD: Sharp surface, Discontinuous flow
-Unit normal vector the sharp surface is iN‘space-time
- It can be space-like or time-like:
AHA — { +1 : time — i'.?'.ﬁ.:e sur face
H —1 : space — like surface
The energy and momentum flow, the particle number
are identical on the two sides:

[TWAV] =0, [NﬂAﬂ] =0 Rankine-Hugoniot equations

Space-like shocks propagate with Voo <1
- The points of the fronts are in causal connection
- Space fronts can be transformed into their LRF

Time-like disc. can be transformed into LRF
where matter at time t goes over a sudden transition everywhere (e.g. phase transition)
vy >1 possible;
- Caused by the initial condition, not by neighboring fluid elements;
- Example: very slow homogenous compression or heating:
T may exceed a critical value at the same time, thus phase transition may take place.



' Space-like 4
f surface
1 o Space-like &

Light i i
cen Time-like

0 " surfaces of

Time-Ii .
A¥ E.L::'lf];e ¢ disc.
[A. Taub, 1948] x x
Time-like
t  surface NI +1 : time — like surface
- . UM Tl =1 space — like surface

Smooth change from

Space-like  Space-like to time-like detonation!
surface
[L.P. Csernai, Zh. Eksp. Teor. Fiz. 92, 379 (1987);

A x Sov. JETP 65, 216 (1987).]
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Taub or Rankine-Hugoniot adiabat for finite particle density

(shock or detonation adiabat) gL-P- f;;;nsasi, i::(l;;rg;)e]or- Fiz. 92, 379 (1987);
oV. ) .

Eckart’s Def.: N = nu”* Taub’s work was incomplete and could be generalized

Define the particle current across the surface: J= N”Aﬂ

- Invariant scalar, the same on both sides of the shock : 1=0 H _
[/] [N“A ,]1=0

- No dissipation outside the front

In the LR of the front: \ [ (1,0) : time — like surface
S LR (0,€) : space — like surface
Substituting 1 = (7,7\7) :

) ny . time — like surface
JLR = ny(v€) = nyv, : space — like surface

v, is the component of velocity normal to the front
[T“A ]=0

- To connect thermodynamically (invariant scalar quantities)

- We need two scalar equations projected.
26



Parallel projection T = ouu" - pg"

TA] =0~ [TPAA] =0~ fwnu” A A, — pAPA,] = 0

[u;‘j' — P AFA ] =0 j=nutA,, (~ WA, = %)
n

[P] (A"A,)

2 _ -
T X [Ravlelgh-llne *] =— is the generalized specific volume.
n

In non-relativistic limit X>myV,. , [P, X] plane corresponds to [P, V] plane.
It gives the locus of final states “2” if the initial state “1” is known.

Orthogonal projection * (A“A , )introduced by [Csernai (1987)]

Orthogonal projector: N ARAY
A (_-""'L#_-"I"LM)

G™ =T, AA”"

GrG,] =0 —> |2 LoX]
[X*](A“A)
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&
j2 _ [P] (A”Aﬂ) - [0X] P $p!|oa-lika normal %

Time-like detonation

[X]  [X1(A"A,) ot =
A
Taub adiabat (or shock adiabat):
_ [wX] introduced b
[P] — (X2 _|_X1) [Csernai (198\;)]
- This is an Eq. defining a curve in ¢
the [P.X] plane for a given EOS %'z ’

- Locus of the possible 7
final states P, X, 7
- Depends on the EOS and on
the initial state “1”

RN
&

S

S
&

N

™

o -

W
- The locus of the possible final states lies on the Taub adiabat. "®
- If the initial state and final state EOS are known, the Taub adiabat with
the Rayleigh line determine the final state.
- Detonation, through a non-causally connected hyper-surface is seemed

to be necessary to complete the phase transition.



National Ignition Facility (2014) — experiments

- Preheating and pre-compression: Low foot ~ 50eV, High foot ~ 100 eV
- Makes the target hot and transparent to radiation

- Then the final short energetic shot, ~ 280 — 300 eV aims for ignition

The laser irradiation vs. time:

Several shocks

T, leV)

30

200

100

0.0

0

J | Low foot

Highfoot |~/ 4shock

N130927
3 shock .-

{/ \

54111}914

0.0 5.0

- Outcome of the experiment:

10.0 15.0 20.0
t (ns)
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In a small part of central volume

from
fusion
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“High foot” experiments exhibit significant alpha heating
= simulations agree much better with experiment

LI L L L D UL L L L I |

I Yield from fuel compression ey
21 Yield from self heating High-foot
25 —— Energy delivered to fuel

Hurricane et al, Nature, 2014

High-foot ;

e
o
|

e

M
% 1 5] ;E Ll +% ++¥$ *%4}} :

8- Low-foot (NIC) -

E

. E

Fusion Yield (kJ)

Expenmental valldatlon of alpha heating hlghly desirable

l Lawrence Livermore National Laboratory PP st s, ATAE Ay s 73114 M_'&
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Suggestion
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[L.P. Csernai, 'E)'%) Strottman, Laé'eF
and Particle Beams, 33, (2015) 279.]

a

Detonation front may smoothly transit from
space-like to time-like front at a point A due
to radiation from all sides.

Possible because the fluid does not move
with the front!

The detonation starts from the outside
with sub-luminous velocity propagating
inwards. This “propagation” velocity
increases, reaches c at radius Ry

The points of detonation hyper-surface
inside R; are not in causal connection with
each other and the ignition completes with a
semi simultaneous volume ignition.

To achieve a rapid volume ignition the
needed total ignition energy should be
radiated inward in a time interval of ~10 ps.
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In Heavy lon Physics:

Hadronization and Freeze out
of Quark-Gluon Plasma,

S Floerchinger, UA Wiedemann
Phys. Lett. B, 728 (2014) 407.

Freeze-out surfaces calculated from the

Bondorf condition. N = particle no.
LP Csernai, Y Cheng, Sz Horvat,
VK Magas, D Strottman, M Zetenyji,

J. Phys. G 36

(2009) 064032.
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Conclusions

- Mechanical, pressure driven processes are subject to RT instability,
while shorter and more energetic irradiation can prevent the

possibility of all mechanical instabilities.

- We have to make the target transparent enough, so that the beam

can reach the opposite side of the target (“High foot”).

- Make the opacity such that all of the beam energy is absorbed in the

target, and so no energy wasted.

-These conditions may be easier satisfied by heavy ion beams (FAIR).

Thank you! .



