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Introduction (motivation)

» Nuclear fusion energy is ideal future energy source because of its

environment friendly, resource rich, ... ...
» Great achievements have been made in fusion plasmas research:
MCEF: JET(Europe) Q~0.3, EAST (China) long pulse discharged,
KSTAR(Korea) high ion temperature, ITER (fusion in 2039), ...
ICF: NIF has realized ignition, fusion energy/laser energy ~ 5

» Many private companies are entering this field!

e kA B LI B ALES .
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Introduction (motivation)

» There are still many challenges before nuclear fusion become energy source!

» How to enhance energy gain Q? How to recycle Tritium in deuterium- tritium

fusion reaction? How to keep steady state operation?
»> It is still important to investigate alternative routes for fusion energy!
» Nuclear fusion Possibility X nyn, < ov >

High density + larger Cross section (suitable mass center energy)
» Ion Beam with Thermal Plasma Fusion?

How to reduce the stopping power of ion beam in the densed plasma ?

Have to consider quantum effects ! B ix kAR T RS
* ’ . "4 it
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> Beam with Thermal Plasma Fusion

Proton-Boron Fusion Reaction

= CR39
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Fusion reactions initiated by laser-accelerated
particle beams in a laser-produced plasma

Labaune et.al., Nature communication 2013
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Quantum degeneracy effects and collective
electromagnetic effects can increase the number
of fusion reactions through reduction of
the stopping power of the ion beam in plasma.

X. Ning, T. Liang, D. Wu*, S. Liu, Y. Liu, T.X.
Hu, Z..-M. Sheng*, J. Ren, B. Jiang, Y.T. Zhao,
D. H. H. Hoffmann, and X. T. He, Laser driven
proton-boron fusions: influences of the boron
state; Laser and Particle Beams, 9868807 (2022),
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Mass density distributions of the proton beam and the
electric field distributions for the normal boron solid in
(a) and (c), and for the laser-ablated boron solid
(boron plasma) in (b) and (d), respectively.



The scheme taking into account the effects of degeneracy (¥} A7 ;2 h ¥

Considering the influence of strong degeneracy effect

The degree of degeneracy that characters
the conditions of boron targets is defined
as

2 2w
Compression
0 = Ty/T, = - = ’ =
with Tr and T, representing the Fermi s ﬂ' ‘\
energy and thermal temperature,
respectively.

In order to achieve high degeneracy, the Proton beams
boron target need be compressed. Such a =+ BV sTEN

boron target can be achieved via quasi-
isentropic compression of a solid boron
by using precisely shaped laser pulses.

7
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d. 15 . . -
As for the proton-boron beam-target fusion, a grain yield satisfies A * Data-Sikora
Fitting curve
N BNJ.EP()dE 3N,P, = |
= ——dE = =
@ PJy S/n S
0.5
where o(E) is cross section of the proton-boron fusion, 7 is the number
density of boron target, S is the stopping power of the incident proton U 00 1000 1500 2000
E [keV]
beams,
S = Sf + Sb + Sn, .
where S¢, S, and S;, are the stopping power contributions of free 4
electrons, bound electrons and nuclei respectively. The ionization state 1s E
&
helpful to calculate the stopping power of boron target. 5
2
101 24 1025 1026 27
[1/cm?] g

M. H. Sikora and H. R. Weller, J. Fusion Energy 35, 538 (2016). T. Heltemes and G. Moses, Computer Phys1cs Communications 183, 2629 (2012).



(a) According to the integral P = J-UEp o(E)

energy 1 MeV as a function of the boron target density, for the interesting temperature.

(b) Figure the F factor versus the density of boron target and incident velocity of proton beams at 7 = 100 eV.
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S. J. Liu, D. Wu*, T. X. Hu, T. Y. Liang, X. C. Ning, J. H. Liang, Y. C. Liu, P. Liu, X. Liu, Z. M. Sheng*,
Y. T. Zhao, D. H. H. Hoffmann, X. T. He, and J. Zhang, Phys. Rev. Research 6, 013323 (2024)

M

B /n) dE, give the rate of the proton-boron beam-target fusion with initial protons
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Kinetic theory including finite-temperature exchange-
correlation effects

Many body | > Kinetic Equation
Schrodinger . S
Fquation Wigner Istribution
function
272
IZ h°v + Vext (T4, t)) Z U(rl ]) Y(R,t) = ihd,Y(R,t). R =(ry, Ty - Tii)-
i<j
Density operator: Bt = Z P,|W8 WWE ], Tré, x(8) = 1.

. . 9, =
Quantum Liuville Eq. iha prn — [Hin Prn] = 0.
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By Wigner transformation: Transfer the operator to distribution function

dr ip-r
f.R0) = f ey SPCROR 21 O R x/2)

We obtain the quantum Kinetic equation:

2 + &VR f(Ry,py,t) — if dry L e_i(pl_prl)'%{U g(Ry +11/2) = Uegr(Ry —11/2)}f (Ry,p1, ) =1
o m ™* TR ih (2mh)3 e e 'P1, corr.

Ut = V() + U (r,t),  UA(rt) = gsf drV(r—mf(F,7,0)
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From van Leeuwen theorem:

(Robert van Leeuwen, PRL 1999)

A System 1:V(|r — r1|) & System 2: V'(Jr —ry])
n(t) n(t)

= > /

[ il e, | O ‘ J

L : . @ : :

£ 1 Vexe(r, t) given = 1 V' exe(r, £) uniquely
i ; determined
! > : |
o t to t

Extended Time-Dependent Density Functional Theory for Multibody Densities:

J.-H. Liang,

Liouville
equation
Na—————

BBGKY- hierarchy

r———

\
—_—

| 2™ order

L

Cutoff condition: (
coupling strength | 1t order
S —

|
|
R
|
3 order |
|
|
|
|
I

T.-X. Hu, D. Wu, Z.-M. Sheng, and J. Zhang,

von
Neumann

s liehifel ) equation

Generalized van
Leeuwen Theory

TD3DFT

TD2DFT

Cutoff condition:
multibody density TDDFT
—————————————————

Phys. Rev, Lett. 133, 263001 (2024)
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* For proton beam + high density thermal boron plasma, we may obtain net energy gain when

the density of boron target is higher than 104 times of the density of solid boron;

 For MCF case (density is much lower than solid state), is it possible to obtain net energy gain

for proton- boron fusion?

* To reduce the radiation lost, the electron temperature should be lower than ion temperature,

Non-Thermal Equilibrium!

13



Non-Thermal Equilibrium:

Use beam and temperature anisotropy to improve reaction rate by ~20% (Xie2023PPCF).
Apply external heating (NBI, ICRF) or high-energy a-particles to create high-energy 1on tails
(Putvinski2019NF, Kolmes2022PoP).
Exploit macroscopic 1on velocity differences to increase reaction rates.

® Power balance: P, , + Prys = P¢ + Pg, Scientific Q factor Q = P, /Py, (Atzeni04book).

We need as higher fusion power as possible with limited auxiliary power (all power required to

sustain the fusion system) to increase the Q value.

- We have to pay cost for maintaining the Non-Thermal Equilibrium state!

14



Analysis from power

® Achieving net energy gain for p-B11 fusion under equilibrium conditions is virtually iz | | L
impossible. (Nevins98JFE)! g 0: ': /é —
In all cases where T, = Te, Prus < Pprem- o ,// B |

® Power balance of electrons follows P;, + P, = Pprem, according to the cross-section D'Z /] —F B
data from NevinsOONF, the bremsstrahlung radiation loss power still exceeds the fusion DPowerzjens?tztOng Puio;nskijz
output power. (Putvinskil9NF) g

At this point, in the optimal case, P,,4(0.2) + P, (0.6) = Pr(0.8), N I
The maximum Q value is approximately 3. 0: —_Sikm&we”erm
® The updated reaction cross-section provides a theoretical ignition range ) Zj \ /\ //\
(Putvinskil9NF). o | S AT
The corresponding T; = 300 keV. 0 (;1:0:55_52{'{%;’ of ;(30311 -
(Putvinski19)

15



® Todd H. Rider (PhD 1995, PoP 1997) studied the feasibility of non-equilibrium systems for nuclear fusion
reactions. He proposed that a far-from-equilibrium system could achieve a steady state through continuous

energy cycles.

To maintain ion temperature and limit bremsstrahlung loss, electrons were kept at a effective temperature

about 1/10 of the ions, therefore Py oy, = Prys/2.

T;

300 keV

233 LeV

N g

Extract
Energy

T; = 300 keV , Maxwellian
T, = 23.33 keV, Maxwellian

Non-Equilibrium Systems in Theoretical Models:

(V)
0.008 ;
f Ves = 4,19 = 6, = 10
0.006 \ Ve = 12.59

—— Non-Maxw.

— Maxw.

0.002
vg 5 13.53
| 4 ! L x — A%
0 . 10 y 30 40
Inject : Extract
energy energy

T; =300 keV , Maxwellian
T/ =23.33 keV, non-Maxwellian

Maxwellian Maxwellian
Non-Maxwellian Non-Maxwellian
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Assumptions
Made by Rider:

P;. is the only
source of energy
for e.

Pyrem is determined by (E,.),
independent of specific
electron distribution.

Electrons

P;,ss only considers

All fusion reaction bremsstrahlung and energy
energy 1s utilized (ov) is determined by (E;), needed to maintain non-

independent of specific ion equilibrium
distribution




107 ; ; ; : - -
. . . . . . ——— Biyew/ Prus-Sikora
® Considering conductionlosses, the total balance equation in steady-state is i - - 'H-;re;n}lprm-Rider
- b —— P/ Ps-Sikora

PH + Pfus = Pbrem + Precir + PC» 5 10]? =BTl
where P, = Uy /75, and then, itis clearthat I e e, Ity i T; = 300 keV,

Ptus Pfus AT I N N I g 3 InA = 15

Q = = , 10 i e
Py Pbrem * Precir T Ux/Te — Pgys i

To achieve Selfheating, the minimum energy confinement time required is

U 1o = ' : ' : : '
_ K 20 40 60 80 100 120 140
Qe Ppyg — (Pbrem + Precir)
Given density parameters and their components, under a given ion temperature, the
lowerthevalue of n; Ty , the more favorable it is.

g = Tg

12
i . . : (a)
® Energyconfinement time withoutconsidering P,...;, is il
TR =T = Yk
Qfuel = Pfus — Pprem o
. - . - —_ 20 -3 —
Givenn andT;, determineT, and Py, fromP,, = Py o, and a simplified parameter 09— n =107 m™, n; = 85%n,
. s - S without considering the
map for p-B11 fusion under near-ignition conditions can be constructed. e/ P -
0.8 -z . . . effects of kinetic effects.
100 120 140 160 180 200
22 T. [keV]
10 : . —0.6
b) U ;
-_— i 140.55
73] 1 ~ 1
7. 6t | b Hos e
Shujun Liu, Dong Wu, Bing Liu, Yueng-Kay Martin Peng, Jiaqi Dong, Tianyi Liang, Hairong Huang, and k=) i y =L
: | ' ‘
Zheng-Mao Sheng, Phys. Plasmas 32, 012101 (2025) e - | fo? i
= 2H—0= sl —— 3o 0.4
--.Q=10 == 2
0= - : ; - 0.35
100 200 300 400 500 18



Non-Maxwellian Ion distributions

High-energy alpha particles or neutral beam can lead to the formation of a high-energy ion tail, increasing fusion reaction

rates (Putvinski 2019). Without external heating, within a certain temperature range, it is theoretically possible to achieve
Prys > Pprem, allowing for self heating.

External heating (NBI/ICRF) can theoretically limit heating power while enhancing fusion power using non-Maxwellian

proton distributions, providing a sufficiently high Q value (Kirov 2020, Mantical 2024).

® What kind of non-Maxwellian proton distributions can enhance fusion reaction rates?

® Considering only the evolution of initially non-Maxwellian protons (in an isolated system), what is the
minimum recirculating power required to maintain the non-Maxwellian distribution compared to the fusion

gain it produces?

® In a more practical multi-component case, where inter-particle energy transfer power plays the role of

recirculating power, what is the ratio of inter-particle energy transfer power to recirculating power?

19



Simulation

s+ Analysis-vy /v = 1/6

15 20 25

t [ms]

30

Simulation

+ Analysis-v /vy = 1/6

The collision term between two particles can be written in the Fokker-Planck form 12 l @
1 _ 10}
Cog =T 1Yy - |z (Vfy) - Vi Vyg th‘ a,
af af Vv ’2 via vVveap — m,, +mB af R
Under isotropic conditions = E
oo 1 0 ,[10f,9%8ag Mg i Oheg 6 n, = 102 m=3
o “szav 20v 0vZ mg+mg * dv g4
_16m2Z3Z%e* nA (9%, . - ol
= 32 352 —f u fpwu* +£ u fp(wu ’
+affdf() 3Mal W +2fdf() + 32, (Vfa(v) oo
3 l.lBl.l vaz vt Vv UBUI.I mBaVBV.
The kinetic equation simplifies to 6 x10'°
of, (afa) 1 (b)
dt dt ol '§4
=
Write MATLAB code under isotropic conditions, considering the non-Maxwellian & n, = 10% m~?
distribution of ions (zero-dimensional case, ignoring spatial inhomogeneity). 220
L. . n _m v = t . 3\/_1’3/2 "
Normalization " = 7 - me’ U T vt T Tea! Te0l T i amnizZetinA 0
0 100 200

Proton distribution

l Isotropic f(v) = K1 (exp (

(v- vf)
Viny

;)+fexp( ))

300
t [ps]

400 500
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Calculate the recirculating power

® During the evolution of an initially non-Maxwellian distribution, some
particles gain energy while others lose energy. There exists at least one
point where the particle velocity remains unchanged. Ideally, it can be
assumed that the number of particles on either side of the dividing
velocity v, is conserved, with only energy being exchanged.

va (9 NG
J AT (a—f) dv = f AT (a—f) dv = 0.
0 t col. Vg t col.

® The power exchange between the two sides of the dividing velocity due
to particle collisions at time ¢, that is, the recirculating power is given by

P = oot (o) (),
= | f;;(dvé}nvz) (%mvz) (%)COI |

For multiple dividing velocities, the total recirculating power is defined by

V2 1 0
Precire = 2 (dV47“72) (_ mvz) (_f) ’
vy 2 ot col

where v; and v, are the boundaries of each segment, with v; = 0 and
v, = oo for the first and last segments, respectively.

Injecting
energy
P in = P col

Maintaining a NMPD with recirculating

power (Proton-Proton Collisions)

\

The phase space | The phase space
dE
dat

NMPD

1
Uf:

: 1 . dE
eglon — = —P., ; region i Peot
1

Internal efiergy flux
by collisibns (Pgo|)
Without recirculating

K- P /

With recirculating
power

Extracting
energy
Pout = Peal
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Specific Mechanism for Recirculating Power Compensation
I —T——"""—————————————

Assumptions:
@ The input side of the recirculating power can be compensated by external heating power.

@ The output side of the recirculating power can be supplemented by proton loss power.
Subsequently, calculate the P;, and Py, through the electron power balance equation P;,= Pprem,

then calculate the value of n;7; from the overall power balance equation
Py +Pfu.s = Pyrem + P,

where Py = Procir, Pc = Ug/Tg. The value of Q is Prys/Precir- Tp = K

PfustPrecir—Pbrem

35 gl 0.6
(a) (b)
i =8 5
30 10:55
= =4+
825+ el e
& £t 1053
=il S ‘
qs 20 5ol
v = Lv/ = 1-4‘»vthf = 0.6, = 0.02 —non — Mazw. 10.45
15} 7 1F |---Mazw. -3
—T./T; n, =8.5el19m™,
10 1 1 1 1 1 1 0 1 1 1 1 1 1 0.4 nB = 1_5819 m_3_
150 200 250 300 350 400 450 500 150 200 250 300 350 400 450 500
T, [keV] T, [keV]
Prys/Precir under different T; The figure of n;75 versus T; to achieve Q = Prys/Precir -
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Fusion Power-Driven Recirculating Cycle

Assumptions:
@ The input side of the recirculating power can be compensated by a portion of the fusion power {Ppys.

@ The output side of the recirculating power can be compensated by proton loss power.

The overall power balance equation Pry, s = Pprem + P 1s used to calculate the value of n; 7. The energy confinement time satisfies 7y =
Uk

Pfus_Pbrem'
The value of Prys/Precir can be measured by the degree of deviation of protons from the Maxwellian distribution.

(v —2”'~’f)2

Vinr

2

f(v) =K1 exp(—:j—z) + & exp

th

The shape parameters are ve, = 1, v = 1.4, v = 0.6, The value of ¢ is adjusted to control the ratio Precir /Prys-

The non-Maxwellian distribution function enhances fusion power and leads to a reduction in energy confinement time requirement.

vth = 1,Uf . 1'4!vfhf = 06,0’5 =0-1 Ti. = 300 keV ><]022
. T 8

0.1 - T 1 1.5
(a) (b)
0.08F oz | e I o
e — Ignition parameters
=008 ‘ W % ; i can be reduced by an
e e .
" 0,04 ' 104 EIO 5 5 order of magnitude.
. _Rccir/P;ﬁhs 71 2 .
0.02¢ 18 0.2 ---Py./P
0 0 0 0

0 1 2 3 0 0.2 0.4 0.6 0.8 1

U/Uth() 5 23



Summary & Discussion

» Higher electron temperatures from Rider’s setting increase Bremsstrahlung radiation losses but reduce electron-ion energy transfer,
therefore, near ignition conditions (Q = 10) are found when ion temperatures (T;) range from 200 to 600 keV in a thermonuclear steady-
state accounting for Bremsstrahlung losses. At these conditions, the optimal electron-to-ion temperature ratio (T, /T;) is between 0.4 and
0.6.

» Using the Fokker-Planck equation, we constructed an 0D kinetic evolution model for non-Maxwellian proton distributions. When proton
distribution evolution is dominated by proton-proton collisions, maintaining a tailored NMPD can reduce the energy confinement time
required for Q>10 and ignition.

» Considering effect of proton others collisions (protons, electrons, boron ions, and a particles), the recirculating power density required to

sustain the distribution-when inter-species collisions are included-is 2-3 times higher than that from proton-proton collisions alone.

Shujun Liu, Di Luo, Yueng-Kay Martin Peng, Jiaqi Dong, Huasheng Xie, Khoo Nee Don, Hairong Huang, Zhi Li, Bing Livand Zheng-Mao
Sheng, Feasibility of p-11B Fusion Gain via the non-Maxwellian Proton Distribution, Submitted to PPCF
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Parameter Value (’UH — Uy H) ’ (v, —v,1) ’
. f~exp|- > eXp| =~ 5 5
Magnetic field 2T Ut D.vtb i Relation bv BO/PDRK
Ispersion Relation
Temperature 20 keV P y wr/ (@Wer)
I m
Boron density 9.2¢18 m-3 : e 9/1”& 0.4
. () pre— VA{H}”L‘ ey
Hydrogen boron ratio 9:1 = — ¥ 0.2
z
Neutral beam density 8e18 m3 g == 0
Neutral beam energy 200 keV s 10 = 1
/'//// = .!' e :
Y 0 7 e 0.4
A Bo 0 10 20
©X /{lgk / .y kv (@.p)
0, 5,

Beam Resonance Condition

Wy (a)cH)

VA

W=k vy = NWe

0 10
Simulation 1, (».)

H.S Xie. COMPUT PHYS COMMUN 244, 343-371 (2019)
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in nonlinear stage
enhances the wave and
hydrogen ions coupling.
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Thank you for your attention!
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Fusion Scheme using Ion Beam
Injected to Magnetic Confinement Plasma

Particle
Beams |

(1) Proton Beam Energy= 800 keV
(2)20keV<T; <100KkeV

(3) Low energy proton beam to heat plasmas

B
X (a.u.) Beams Il

The top view of the linked mirror configuration

Ref. Zhichen FENG et.al. Nuclear Fusion (2021)
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Consider the following non-Maxwellian distribution of protons

)

2
Fokker-Planck collision operator
1
=5 Z Favv ' |:fctvvha,6 = Evv i (favvvvgaﬁ)]
B

Vinhfs
( )col
Y Cap=-Vy-) Jop
B B

The power of energy transfer per unit volume due to collisions between
two types of particles

Poai= _/dg'v (%mﬂrvz) Cop

Tk
= —mafa_g /dg'l,’fa |:'U . Vuhaﬁ -+ (m) hcﬁg]

Under isotropic conditions, the energy transfer power

Paﬁzﬁél?rgzgzgeelnf&/ dvfuzfa[ : / dufﬁ(u)uz—i/ dufﬁ(u)u]
0 0 e Jfo

f(v) =nK {cxp [—t*gfvfhs] + £exp [—

(

o1
ot

of
at

Considering that the non-Maxwellian distribution is maintained
through energy exchange between protons, the collision operator
282f

)wz {§ av? { [; duf(u)u4+/vmduf(u)u] +2f (V)2

Mmduf(u)u_fduf(u)u@_%)2 (1+ )]}

Assuming that protons on both sides of the boundary velocity va
only exchange energy, then due to conservation of particle number,

we have o .
/ dvdmv? ( f) =
0 col

The energy transfer power
") (&)
col

ot
vd
B = —f (dvdmv?) (
0
decelerate fast particles

1
3

8m2(Ze)In A
4 8f
3v Ov

U

2v

1

2

of
ot

accelerate slow particles

MgV
n: Proton number density, K: Normalization coefficient, vis: width of the Maxwellian background,

v Position of the high-energy proton tail, vi: Width of the high-energy proton tail,
&represents the proportion of the high-energy proton tail relative to the Maxwellian distribution background

/ os(0) = [ Eupswlo—ul

Phys. Plasmas 32, 012101 (2025); Phys. Plasmas 4, 1039 (1997)

_ 4‘!(232;84 InA

2
My,

My + Mg
'In‘g

v —u

aB has(v) =
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Quantum effects for Warm Dense Plasma

» Quantum effects for instabilities, stopping power

Classical

rs=10

Ideal

_%:'j.-""‘ . ~~XFEL Diamond anvils : - 5
- e ¢Q“},: ’ Fermi gas
2" | [ Metals |, ! !
18 20 22 24 26 28

logio n/cm3

30

kT
Degeneracy Prameter 0 = EL
F

-1

De Broglie wavelength A, > %

(Ze)?

Coupling parameter I' = m

it = A4 ﬁ FIEG B K S i
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Fusion cross section parametrization

The Coulomb potential

Vo= ZIZZQ2 Coulomb potential
=TT /
at distances greater than nucleus size (Fermi) z approaching nucleus
z 2l s it \‘-
~ -13 1/3 1/3 , >

r,=1.44x1077°(4, "+ 4, )cm r 2 r

The Coulomb barrier is of the order of 1 MeV.
o ::/ nuclear well

A widely used parametrization of fusion o 4
reaction cross section is

0

O~0O XT xR

seom T~T; =exp(—eg/ &), &= (na,Z,Z,)*2m,c? quantum tunneling effect

‘ mM1Mmo
2 ) o1 o = e*/he = 1/137.04 My = =
Ogeom A = — | €— mi + mo
&

o(e)= S(—g)exp(—,/gG /&) -
g



Fusion reaction cross section

reaction o (10 keV) o (100 keV) | o0max €rnax
(barn) (barn) (barn) (keV)
D+T—a+n 73 % W= 3.43 5.0 64
D+D—-T+p 2.81 x 10— 3.3x 1072 |0.096 1250
D+D—3%He+n 2.78 x 107* | 3.7x 1072 |0.11 1750
T+ T—a+ 2n 7.90 x 10— 3.4x1072 [0.16 1000
D+3He— a + p PR 10" 0.1 0.9 250
A BT oy L e 6 x 100 7% 1073 (.22 1500
pi 4= B — S (4.6 x 10~17) Sx i~ |13 550
p+p—D+et +v (38 = 16770 | {8 4= 1027}
p 4 12C = 13N 4+ ~ (1.9 x 10726 )| 2.0x 1010 | 1.0 x 10~%| 400
12C + 2C (all branches) (5.0 = I~

From , Stefano Atzeni & Jurgen Meyer-ter-Vehn, Inertial Fusion



