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1. Laser Nuclear Physics, the New 
opportunities
◦ Second beams (p/D/e/g/n)

2. Laser for Applied Nucl. Phys. 
◦ Non-destructive detecting
◦ Medical Phys.

3. Laser Nuclear Astrophysics
◦ Nucleosynthesis in stars, in the Big Bang
◦ D+D; D+Li
◦ EM field and Nucleosynthesis

4. Summary
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3G. Mourou, T. Tajima, Science 331,41 (2011)

Higher Intensity Laserè
Nucl. Phys. & Part. Phys.

E(v/cm)=27.4*I1/2(W/cm2)
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Laser +Nucl.

� Laser Nucl. Mech.
◦ Direct Eff.
� Energy�En=E*q*dL
� 1022W/cm2èpotential=1eV 
� Nucl. “photoelectric eff.”

◦ Indirect Eff.
� Electron èAcc. in Laser
� è2nd beams
� èNucl. Reaction

Changbo@2016Winter School
4



Laser Acc. in Short
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Radiation Pressure Acc. (RPA)
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(d~5-10 nm)

laser pulse + ultra-thin foil
à fully ionizing the foil.

electrons leave the foil Light sail electrons pull ions



Where the New Phys.?

� Ultra-Narrow Pulse(e/p/gamma/n)

� Ultra-high E-Field (1011V/m)

� Ultra-high B-Field (102-105T)

� Ultra-high pressure(1011 bar)

� Ultra-high Temperature (105-1010K)

² Very high Peak Current (100kA)

� Extreme conditions brought by High-Intensive Laser

Extreme Conditions can NOT be achieved by traditional Acc. 
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Where the NEW Phys.�

� Extreme Laser è New App.; New Fund. Phys.
◦ Second Beam�p, D, alpha, e, e+�n…)

� Nucl. Energy
� Nucl. Waste Processing
� n�gamma no-destructive detecting
� Med. isotopes
◦ Strong EM conditions

� Vacuum properties (QED)
� Unruh-Hawking Rad.
◦ Nucl. Astrophys. 

� in Earth based Labs(?)
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Laser n  Source

� p(D)+Be neutron 
source
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Morrison, J.T., et al., Physics of Plasmas, 2012. 19(3) 



Fast n photograph

�
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The First photo by using fast n induced by laser



Laser n source for r-Process

� Extremely high n density!
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PRL 113, 184801 (2014) 

• Texas PW laser
• 150fs,90J,1057nm
• 10um-focus, 0.02-3um  

target thickness
• 1.1E18 n/cm2/s achieved, 

Compared with 1E22
n/cm2/s in supernova

Hopefully, can study r-
process with this setup
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• Very high intensity (104

photons/(s*eV)

• Narrow bandwidth (down 
to 0.5%)

• High degree of
polarization (> 99%)

• Small beam diameter
(mm range)

• Low duty factor (100 Hz)

Nuclear Resonance Fluorescence (NRF)

Separation threshold

γ

EXπ

Electromagnetic Dipole Response in Nuclei
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Nuclear fluorescence Detecting

�
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Hawking-Unruh Radiation
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5E23g=5000K 



Unruh Rad. Setup

�
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Laser Plasma Collider
for

Nuclear Astrophysics 
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Motivation
� “Full Plasma” Conditions for low nuclear studies?
◦ �Full Plasma�is needed for Nucl. Astrophys. etc. 
◦ Traditional Accelerator can not provide “Full Plasma”

From: Cauldron in cosmos, C. E.
Rolfs

����

Changbo@2016Winter School
18



Nuclear Parameters may be also diff in plasma or boundary 
states. 

� 7Be
◦ 7Beneutral t1/2 =52d�
◦ 7Be4+ : Stable�

� 125Te 1st ex. st. (Z=52, E=35.5 keV) 

◦ Q=0      T1/2=1.5 ns  (internal conversion + M1)

◦ Q= 47+ T1/2 = 6 � 1 ns                 F.Attalah et al., Phys.Rev.Lett. 75(1995) 1715

Motivation:

Why Full Plasma? 
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Motivation:
6,7Li abundance
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Laser Nucl. Phys.
� NIF (National Ignition Facility)
� ELI-NP (Extreme Light Infrastructure)
� Shen-Guang Laser Facility
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D +D → He3+ n

Laser: 120 mJ, 35fs, 10Hz

Laser Intensity: 2 ×1016 W/cm2

Cluster gas jet: Deuterium, cooled (-170 
o

C)

Gas Density: 1.5 ×1019 /cm3

Cluster Size: 50 Angstroms

Changbo@2016Winter School
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From Acc. to Collider
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Accelerator Laser Acc

Laser Collider�
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“Laser Plasma Collider” 
Laser Plasma 
Collider

Trad. Collider

Pulse Very narrow >ns
Peak Density Very large Small

charge Neutral charged
Repeat frq. Very low High

Cost Low High

Size Small Large

Beam Quality Bad good
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Experimental Setup
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� a
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Target before and after shot

� a

Changbo@2016Winter School
30



Neutron Spectra
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Where did the n products come from?

�

�

�
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Normasky Interferometer

CCD

Laser

CCD

Laser

CCD

Laser
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Jet Density Spectra

Stream 1 Stream 2
Overlap 
Region

4.4 mm

(a)
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Stream 1 Stream 2
Overlap 
Region

4.4 mm

(a) (b)

Jet 1 Jet 2
Overlap 
Region

3.5 mm

(c)

Jet 1 Jet 2

(d)
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Structure of Plasma, ABC

� Driving Force
◦Gradient of Temperature
◦Gradient of Density (Biermann Battery
Effect)
◦ Scattering (EM, Nuclear Force, Maybe)
◦ EM (Large Scale)
◦ Laser EM (1E15Hz)

is close to the square root of the proton energy ratio of
ð15=3:3 MeVÞ1=2 # 2:1, strongly suggesting that the domi-
nant source for proton deflections is magnetic fields rather
than electric fields (15=3:3 MeV# 4:6). These fields must
have dominant azimuthal components (around the jet axis)
and their strength is estimated by

Z
B$ d‘ ¼ & AmpVp!

qðA& aÞa ; (1)

where a ¼ 1 cm and A ¼ 28 cm; mp is proton mass and
Vp is proton velocity; q is the proton electric charge, and
d‘ is the differential pathlength along the proton trajectory.
From Fig. 2, we obtain jRB$ d‘j# 15 T cm. Taking the
scale size as the diameter of the flattened disk (from a 3D
configuration) ' 0:5 cm (slightly larger than the field of
view of our detector), results in a magnetic field roughly of
an order #30 T. Note that the magnetic deflection of the
carbon and hydrogen ions of the streams has an opposite
sign on the two sides of the bisector plane. For fields
weaker than #30 T a mutual neutralization of the deflec-
tions may occur, restoring a simple conical ion flow in each
of the jets.

The head-on collisions were simulated with the two-
dimensional (2D) hydrodynamic code [39,40]. Figure 3
displays postprocessed snapshots showing the spatial
structure and temporal evolution of two counterstreaming
plasma jets colliding with each other. The numerical simu-
lation and Thomson scattering measurements [41] indicate

that the electron flow stagnates in the axis and subse-
quently spreads sideways, forming a flattened region
(a disk in 3D view) with typical ne # 1019–1020 cm&3

and Te # 500–1000 eV.
To place the discussions in the broader context of basic

plasma physics, Table I gives physical parameters for the
head-on collisions. The long jet-jet ion mean-free path
indicates that the interjet ion-ion collisions are essentially
collisionless. The general picture of the magnetic field
being frozen into the electron fluid and advected along
its streamlines is only to be expected if the magnetic
Reynolds number is high, and the estimated magnetic
Reynolds number of Table I is gratifyingly large. Note
that the carbon gyroradius is comparable to or even smaller
than the size of the observed structures, indicating that the
regular azimuthal field may cause the ions to be deflected
from their initial straight trajectories, create radial ion flow
in both jets, significantly affecting the ion dynamics near
the bisector plane. This happens despite the fact that the
magnetic pressure pM of the 30 T field, as estimated from
the measurements, is orders of magnitude smaller than
the ram pressure "v2 of either of the jets: pM="v

2#
2$ 10&3. The presence of the two counterpropagating
streams makes this effect possible.
The generation and advection of spontaneous magnetic

fields are described by the Faraday equation combined
with a simplified version of the generalized Ohm’s law:
@B=@t ¼ r$ ðu$BÞ þ S [9] whose azimuthal compo-
nent B’ is given in the cylindrical coordinate as

@B’

@t
¼ @

@r
ðB’urÞ &

@

@z
ðB’uzÞ þ S’; (2)

where ur (uz) is the radial (axial) component of the velocity
of electron flow [1], and S’ is the source term for the field
generation, which is dominated by the so-called Biermann
battery effect (rne $ rTe). The frozen-in condition for
the azimuthal field in axisymmetric effective flow is [1]

B’=ner ¼ const: (3)

This suggests that there exists a zone near the bisector
plane from which the plasma electron flow becomes almost

FIG. 3 (color online). 2D DRACO hydrodynamic simulations of
the two head-on plasma jets which displays the jets’ formation at
t ) 1:4 ns; propagation at t ) 2:2 ns (a clear bow shock struc-
ture is seen in front of the jets); the onset of plasma flow in the
transverse direction, and the formation of a high-pressure region
in the bisector plane, at t ) 2:6 ns; and the transverse expansion
of the high-pressure region in the bisector plane t ) 4:1 ns. In
this simulation, a low density (# 2$ 10&6 g cm&3) deuterium
gas has been added to the background. The simulation of plasma
flow (4.1 ns) appears to be quite consistent with the shape of the
proton deflection images shown in Figs. 1 and 2.

TABLE I. Calculated parameters of two interpenetrating
jets based on v ¼ 1:7$ 108 cm s&1, Te # 1 keV, nC # 4$
1018 cm&3 (per jet), length scale of the overlap region
l# 0:3 cm, and strength of magnetic field #30 T.

Parameters

Carbon ion energy (WC) 175 keV
Carbon ion gyroradius (rG) 0.8 mm
Jet-jet ion mean-free path (#ZZ) 20 cm
e-e collision frequency ($ee) 3$ 1010 s&1

Dynamic time (t ¼ l=v) 1:75$ 10&9 s
Magnetic diffusivity (DM) 103 cm2 s&1

Magnetic Reynolds number (ReM) 5$ 104

PRL 111, 235003 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

6 DECEMBER 2013

235003-3
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Magnetic Structure

radial, and the increasing plasma density due to contribu-
tions from the other jet would lead to the increase of
magnetic fields as this flow spreads sideways, which is
consistent with the observations (Fig. 1).

The streamlines of electron flow are modeled with
a modification of an analytical description of head-on
collisions [1], where the flow follows a solution of the
differential equation

dr

ur
¼ dz

uZ
(4)

in cylindrical coordinates, and the velocities ur and uz are
given by Eqs. (21) and (22) of Ref. [1], respectively. Near
each target, the flow is diverging and the frozen-in
Biermann battery field decreases along the streamlines.
Shown in Fig. 4(c), the ‘‘conical’’ streamlines approach
from both sides, stagnate, and subsequently spread side-
ways, indicating the electron flow stagnates near the bisec-
tor plane, and the magnetic field is recompressed to a
quasiplanar structure [1,42]. The bisector plane acts as an
impermeable boundary for electron fluid, and the recom-
pressed field has an opposite handedness in the opposite
flows. By virtue of the frozen-in condition, the streamlines
deviate toward much larger radii subsequent to the stagna-
tion, leading to enhanced magnetic fields due to increasing
products of density and radius [Eq. (3)]. These processes
produce a flattened structure along the bisector plane and
mimic the observed Fig. 4(a) and simulated Fig. 4(b)
structure.

To model the noncollinear collisions at an arbitrary
angle, which are more generally relevant to those occurring
in nature than collisions of perfectly collinear jets, a
Cartesian coordinate system is more convenient because
the azimuthal symmetry is broken [Fig. 5(a)]. Normalizing

the distances to the parameter L (half distance between the
targets), an equation for the streamlines can be written as

arctan
!
1

!1
arctan

y

x

"

þ f arctan
!
1

!2
arctan

x sin2"þ y cos2"# 2 sin"

x cos2"# y sin2"# 2 cos"

"

¼ const; (5)

where f is the ratio of the flow strengths of the two jets and
!1 and !2 are the angular half-widths of the flows within
the two jets. For 90$ collisions where f ¼ 1, " ¼ 45$, and
taking !1 ¼ !2 % 0:2 radian (due to the jets being more
collimated in these experiments), one obtains the stream-
line distribution shown in Fig. 5(b). The experimental
proton image is well simulated, with a narrow structure
pointing in one direction and a much thicker one pointing in
the opposite direction in the bisector plane. This asymmetry
is a consequence of collisions of tilted jets, which result in
formation of stronger field compression (denser stream-
lines) in the forward direction and weaker in the backward
direction. Although collisionality may increase somewhat
due to a lower energy in the center-of-mass frame, the jets

FIG. 4 (color online). Proton image (a), numerical simulation
(b), and analytical model (c) of streamlines of electron ‘‘effective
flow’’ for collisions of two counterstreaming plasma jets (head-on).

2L α

α
x

x′

y

y′

°

°

FIG. 5 (color online). Schematic drawing of coordinate system
(a) to illustrate the collisions of two plasma jets at an angle ¼
180$ # 2". Proton images of the collisions of two identical
plasma jets (white arrows) is compared with model predicted
streamlines of effective electron flow at 90$ (" ¼ 45$) in (b) and
135$ (" ¼ 22:5$) in (c), respectively. The dashed-dotted lines
shown in the images indicate the bisector planes.

PRL 111, 235003 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

6 DECEMBER 2013

235003-4

� Electron (NOT Ion)
obtains high energy
from Laser field

� Electrons fly away, 
Drag the Ions
together

� e-e; e-i; i-i scattering
� E field
� M field strength
� Reynolds Number

>20
Our neutron 

Yields 
consistent with 
the prediction

PRL.111(2013)235003Changbo@2016Winter School
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Jet Density Spectra

Stream 1 Stream 2
Overlap 
Region

4.4 mm

(a)
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Measure S-factor Experimentally

�

4

Figure 2. Panels (a)–(c) are the interferograms obtained at 1, 2 and 3 ns,
respectively. The blue boxes in (a)–(c) indicate the original position of the CH
target. The four dark green arrows in (a) represent the laser pulses. The orange
dashed box in (b) indicates the region of density jump. (d) Experimental and
simulated electron density distributions along the target normal for the single
target foil at 2 ns. (e) Comparison of measured density profiles along the cyan
line in (a) at 1 ns and the blue line in (b) at 2 ns with the overlapping calculated
density profile.

two counter-streaming plasmas, which interact with each other around the center of the targets.
At 1 ns, the fringes between the targets are shifted, indicating that the two plasmas have met
each other. At 2 ns, a clear density jump is observed at the middle region. The density jump,
corresponding to abrupt fringe discontinuities, is clearly distributed from the bottom to the top
at the two-plasma collision region. At 3 ns, the density jump becomes weaker, and the fringe
shift becomes smoother.

The expansion velocity and electron density of the plasmas before the collision were
calculated by irradiating only a target foil with one of the laser bunches of four laser pulses.
The density profile of the plasma was deduced using Abel inversion (Li et al 2007) of the
measured interferogram. The measured electron density distribution along the target normal
direction is shown in figure 2(d). The flow velocity of the plasma is calculated using the density
distributions at different delay times, which is estimated as the ratio of the propagating distance
of ⇠1019 cm�3 isopycnic surface to the delay time. Hence, the average flow velocity of the
plasma generated from one target is about ⇠1.1 ⇥ 108 cm s�1. A 2D radiation-hydrodynamics

New Journal of Physics 13 (2011) 093001 (http://www.njp.org/)
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Calculate Neutron products
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“Collisionless Plasma (CLP)” &
Nucleosynthesis in the cosmos

� Acc. Mech. In CLP

� Plasma Eff. (e shielding)

� Example
◦ Li at Sun’s surface is
140times lower than th
original Sun 
(Nature464(2009)189
◦ Lithium in Stars w/ 
planets & w/o planets 

Sun

Changbo@2016Winter School
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Cosmic Collisionless Plasma

� Astrophysical Shocks:
• M=2 to relativistic;
• n=0.01 to 1E10/cm3

� Solar Corona/Wind:
◦ M=1.5 to 20;
◦ n=1 to 1E8/cm3

X-ray�Gamma-ray
Energetic Particles



Result’s Astrophysical Meaning

The following may play very imp. roles:

� Thermal Unequ.
◦ All obs. (except neutrino) from Surface

� Self-generated EM field
◦ Battery eff.

� Neutral Plasma Flux

Changbo@2016Winter School
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� Three body reaction? 
� D+7Liàg.s. (0+)

à1st e.s.(2+)
à2nd e.s.(4+)

We try to find:

• CS diff of bounding states & plasma
• 7Li structure

Changbo@2016Winter School
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D+Li Preliminary Results

g.s

2nd ex.
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Summary and Forecast
� With helps of Lasers, one can study nuclear

astrophysics!

� Laser Nucl. Phys.: Pros
◦ Full Plasma
◦ High Peak Intensity è Low Bkg
◦ Quasi-thermal Distr.

� Laser Nucl. Phys.: Cons
◦ Unstable (currently)
◦ Repeat Frq. Low
◦ difficulties in Product Detecting
◦ Quasi-thermal Distr.
◦ Plasma Dynamics, Better Understanding needed
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Question?
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