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Abstract

The transport process of a relativistic electron beam (REB) in high-density and degenerate plasmas holds significant
importance for fast ignition. In this study, we have formulated a comprehensive theoretical model to address this issue,
incorporating quantum degeneracy, charged particle collisions and the effects of electromagnetic (EB) fields. We model
the fuel as a uniform density region and particularly focus on the effect of quantum degeneracy during the transport
of the REB, which leads to the rapid growth of a self-generated EB field and a subsequently significant self-organized
pinching of the REB. Through our newly developed hybrid particle-in-cell simulations, we have observed a two-fold
enhancement of the heating efficiency of the REB compared with previous intuitive expectation. This finding provides
a promising theoretical framework for exploring the degeneracy effect and the enhanced self-generated EB field in the
dense plasma for fast ignition, and is also linked to a wide array of ultra-intense laser-based applications.
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1. Introduction efficiency of the REB in high-density and degenerate
plasmas is an inevitable challenge!>™®!. To enhance the
Recently, ignition and burning of deuterium-tritium (DT) efficiency of energy transport from the REB to the pre-
plasmas!’?! in the laboratory have been successively compressed fuel, the REB must be injected sufficiently
achieved in inertial confinement fusion (ICF)I*! experiments close to the high-density core of the fuel. However, the
conducted at the National Ignition Facility (NIF). This outward expansion of the ablation-induced corona displaces
achievement has inspired worldwide research efforts in the critical density, where the REB is generated, further from
ICF, especially on higher heating efficiency and more stable the high-density core. To address this issue, the laser hole-
operation of the ICF process to realize the dream of fusion ~ boring scheme was initially proposed!*!. This approach uses
energy for a carbon-free future world. Notably, the fast a precursor pulse to create a plasma channel that allows the
ignition (FI) approachl*), characterized by high heating  main pulse to reach the corel”-*]. However, due to filamenta-
efficiency with a relaxed requirement for symmetrical  tion instabilities”!, various suppression mechanisms!'”! and
implosion, has garnered significant attention. other factors, the energy coupling efficiency of the hole-
In the FI approach, a relativistic electron beam (REB) is boring approach has been less than satisfactory. In addition,
generated by the picosecond laser pulse, and injected into the ~ Kodama et al!''! proposed another scheme with a gold cone
isochoric pre-compressed fuel core to raise its temperature inserted into the DT pellet. In this scheme, the picosecond
rapidly. During the fast heating phase, the transport  laser beams are injected into the gold cone, generating an
REB at the cone tip deep in the fuell'":'*!. Early experiments
carried out at the Gekko XII laser facility!'”! reported a
Correspondence to: D. Wu, Key Laboratory for Laser Plasmas more th’an 20% heating efficiency. However, subsequent
and Department of Physics and Astronomy, and Collaborative Innova- studies!*17] presented lower efficiency. More seriously, the
tiop Center of IESA (CICIFSA), Shangt.lai Jiao Tong University, .Shang- gold cone may be deformed or damaged, before the arrival
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of picosecond laser beams, by the strong shocks from the
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Figure 1. (a) Schematic of the DCI scheme. (b) Detailed schematic for the
structure of the colliding target and the transport of fast electrons in the
REB.

Recently, the double-cone ignition (DCI) scheme”,
which averts the risk of cone breaking, was proposed, as
shown in Figure 1(a). Two DT fuel shells are separately
embedded in two head-on gold cones. Under the confinement
and guidance of the cones, the shells are compressed and
accelerated by carefully tailored nanosecond laser pulses to
eject from the cone tips and finally collide head-to-head.
Because of the confinement of the compression cones,
the corona of the plasma jets is peeled off, forming a
concentrically pre-heated plasma in isochoric distribution
with sharp ends to the REB injection. Due to the insulation of
the guiding cone, the heating cone for ignition is maintained
out of exposure to the high-pressure plasma during the
compression. When the two ejected plasma jets collide head-
to-head, the density edge in the perpendicular direction is
significantly sharp, features a shorter scale length to the
core and provides a secure region for the heating cone
with reduced risk of being damaged before the REB is
generated?!!. This allows for efficient injection of the REB
into the approximately 300 g/cm? high-density region.

In previous studies on the transport of REBs, the electro-
magnetic (EB) field was regarded as crucial to the quality
of the REB, and received considerable attention!®22!, Tak-
ing advantage of self-generated EB fields'”** composite
materials with a gradient of resistivity were explored>*7!
to reduce the divergence of the REB. Special configurations
of the cone tip were also proposed®®=!1. In the above
researches, the density of plasma is relatively low, where the
ohmic effect dominates the interaction between the REB and
plasma. In the configuration of simulations*>=*!, for the sake
of preservation of the cone tip, the REB sources are always
set approximately 100 wm away from the most dense core,
with the density of plasma gradually increasing from several
g/cm? to about 500 g/cm?, and the effect of self-generated
EB fields is mainly reflected in this transit region.

By contrast, in the DCI scheme, the REB is directly
injected into the high-density core. In such a regime,
the collision effect between the REB and the background
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electrons is extremely significant. Moreover, as the DT fuel
is heated up to thousands of electronvolts within several
picoseconds, it is usually modelled as ideal plasma with a
low Spitzer resistivity. Therefore, the effect of the EB field
in high-density fuel used to be ignored. However, through
our in-depth investigation we found that self-generated EB
fields indeed play important roles, which are significantly
enhanced by the quantum degeneracy effects.

In this paper, we conducted rigorous theoretical analyses
and unprecedented simulations to investigate the transport of
the REB in high-density, degenerate DT plasmas. Focusing
on the transport of the REB, we model the colliding plasma
as a uniform density region for simplicity, and the REB is
directedly injected into the plasma. The theoretical findings
demonstrate that due to influences of quantum degeneracy,
where resistivity increases with rising temperature, there
exists a rapid growth of the magnetic field as the REB is
injected. Furthermore, we figured out the threshold for the
occurrence of the self-organized pinching of the REB by the
EB field. Via fully three-dimensional (3D) hybrid particle-
in-cell (PIC) simulations, we observed an enhancement of
the heating efficiency of the REB compared with previous
intuitive expectation, as a result of the self-generated EB
field in the high-density quantum degenerate plasma.

This paper is organized as follows. Section 2 theoretically
derives the growth of the self-generated magnetic field,
and analyzes the occurrence of the self-organized pinching.
Section 3 presents the 3D hybrid PIC simulation results
with a broad-spectrum diverging REB, and quantitatively
compares the deposit efficiency of the REB between EB and
non-EB cases, as well as the enhancement on the heating of
DT plasma. In Section 4 our conclusions are presented.

2. Theoretical analysis of self-generated magnetic field
for the high-density regime

2.1. Growth rate of self-generated magnetic field in dense,
collision-dominated plasma

When an REB with the current density of j; is injected into
the DT plasma along the z-axis, the macroscopic electri-
cal neutrality condition should be fulfilled, leading to the
drifting of background particles. Since the DT ions have a
mass thousands of times larger than the mass of electrons,
the drifting of background ions by the interaction with the
REB is relatively negligible, and the drifting current of
background electrons is j, = —j;. Since the thermal drift
motion of the background electrons is much slower than
that of the injected relativistic electrons (ve/ve ~ 1074, the
—v. X B and —VP./en. terms in the generalized ohmic
law are neglected, and an approximation of the electric
field of E = nj, is presented, where n is the resistivity
of the background electrons. In the practical case, j; of
the injected REB is spatially nonuniform, and according to
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Faraday’s law, a magnetic field is generated with the growth
of 9B/t = —V x (nj,) = V x (nj;). For a cylindrically
symmetrical REB, neglecting the microscopic perturbations,
the plasma is also assumed to be heated up symmetrically.
Therefore, by noting | j; | as j(r) and n as n(r), the azimuthal
derivation d/06 vanishes. For simplicity, we assume that j; is
only along the z-axis with a gradient along the r-axis. Under
these assumptions, the growth rate of the azimuthal magnetic
field can be expressed as follows:

B, j T
0By 9j .dno ) 0

0

vl —5(’7]) =- (775 +Jﬁ§

According to Equation (1), the growth of the magnetic
field is closely dependent on the competition between n
and j(dn/dT) (dT/dr), assuming that the background ions
and electrons are in thermal equilibrium with the same 7.
For the first term, the power law of n o« T® is applied,
according to the degenerate limit of the Lee—More model
and the classical Spitzer model, with o = 1 and —3/2
respectively representing the degenerate and classical state.
For the second term, d7/dr is determined by the heating
efficiency:

oT ) J dEx
CVE =Pheal(]) = _zd_Z’ (2)
where ¢, is the heat capacity of background plasma and
Preat 1s the heating power of the REB, related to the beam
current density j and the stopping power dEy/dz. In this
way, 0T /dr is connected to dj/dr. A more intensive heating
current density leads to the elevation of local temperature,
inducing a gradient in 7 with the same direction as j.
Detailed analysis of the stopping power dEy/dz in
Appendix A demonstrates that for an REB with the intensity
of 10°° W/cm? in the 300 g/cm’ DT plasma, the collisional
component in the stopping power is dominant. For the sake
of simplicity and clarity in analytical derivation, the ohmic
component in Equation (A1) is omitted in the calculation,
focusing on the fundamental physics of the collisional
cases. In this way, ignoring the minute changes of In Ay,
the stopping power dEy/dz is independent of 7', and hence
Equation (2) is promptly simplified into a concise form
T =Ty +jt/C, where Ty is the initial temperature and C is
approximately regarded as a constant. In this way, d7/dr is
equal to (¢/C) (dj/ar). Let no = n(Tp), and the growth rate
of the magnetic field is calculated as follows:

3By 3j jr \*! jt
20 Y1+ L 1 HD=—1|. @
ot ar"O( + 0) terben] @

The effect of quantum degeneracy is important for the
growth of the magnetic field. According to Equation (1),
the growth of the self-generated magnetic field is related to
both 1 and j. During the heating process, the temperature
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in the centre region with the highest intensity of the REB
undergoes a more rapid increase. Therefore, in the degen-
erate plasma, n o< T also holds its peak value in the centre
region, with the same trend of gradient as j, and the growth of
the magnetic field is consequently promoted. By substituting
a =1 into Equation (3), the growth of the magnetic field in
the degenerate becomes the following:

0B, 0 jt
Po_ (14222, 4
ot ar'7°< T @

which means that 9By /dt is linear with respect to ¢, indicat-
ing a quadratic growth of the magnetic field.

As for the classical n oc T73/% case, the two terms on
the right-hand side (RHS) of Equation (1) possess differ-
ent signs, and the growth of By depends on the competi-
tion between n and T (dn/dT). Numerically, Equation (3)
becomes the following:

3By 3j jt \ 7”2 jt
Do _ _Yo(1+ L - .6
ot ar”°< T 2CT, )

When jt/2CT, > 1, it is observed from Equation (5) that
the sign of 8By /0t is reversed. However, the (1 + jz/CTg) />
term decreases towards zero quickly with the power of —5/2,
which retards the decline of By.

2.2. Numerical calculation of the self-generated magnetic
field

In this section, a numerical calculation with practical param-
eters is presented, following the theoretical analysis in the
previous section.

Firstly, a proper expression of n is discussed. In many
researches, to avoid divergence of the Spitzer model in the
cool region, a constant scale value 7. was introduced by
nl= ns_pl +n; 1893 However, this approach eliminates the
gradient of 1 with respect to T in the degenerate regime. In
this investigation, to align with Lee and More’s model®’!,
with a = 1 for degenerated cases and a = —3/2 for classical
cases, a piece-wise approximation of 7 is applied as Equation
(B1), as shown in Appendix B.

In the pursuit of rigour, this study has considered the
influence of degeneracy effects on the heat capacity cy. As is
commonly known, ¢, in Equation (2) consists of the ion and
electron heat capacities. Both heat capacities are equal to the
classical value (3/2)n in classical case, where n = n; = n, is
the number density of ions or electrons for fully ionized fuel.
In the strongly degenerate state, however, the heat capacity is
calculated by ¢, = n(3/2+dg./dT), where g = [ &f (¢)de
is the average energy of the background electrons and f (¢)
is the Fermi—Dirac distribution.

Now all the pre-works have been done, and we numerically
solve Equation (1). After deriving Equation (3), with the
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Figure 2. Theoretical calculation of By and T at the position of r = o,
for a bell-shaped REB with 1(0) = 2 x 10?° W/cm? in 300 g/cm?, Ty =
200 eV DT plasma. The green and yellow background colours indicate the
degenerate and non-degenerate states, respectively.

symbolic constant C being calculated along with Equations
(Al) and (B1), T is then determined as a function of ¢ and j.
Subsequently, this time-varying 7 is substituted back into
Equation (B1) to calculate n at a specific moment, as well
as its derivative to temperature dn/d7. By incorporating 7,
dn/dT and 0T /dr into Equation (1) and integrating both
sides over time, the magnetic field By is finally solved.

A specific model is constructed for analysis, which
refers to typical parameters for ignition***=01_ The
density of the DT plasma is chosen as a representative
value of 300 g/cm?, with the Fermi temperature to be
Tr = 629.17 eV. The beam number density follows a bell-
shaped distribution n¢(r) = ns(0)exp (—rz/oz) along the
r-axis, with a peak value of ns(0) = 2.5 x 102 cm ™3 and a
waist of o = 20 wm. Consequently, the current density is
in form of j(r) = ns(0)ecexp (—r2 /02). For the simplicity
of calculating the current density j, we assume an idealized
exponent kinetic energy spectrum f(E) o exp (—E/Ex,)
for the REB, with Ey, = 1.5 MeV, and the corresponding
beam intensity integrating over the energy spectrum E is
1(0) ~ ne(0)Ey,c = 2 x 10%° W/cm?. The profile of j is
assumed to be invariant, while the lateral movement will be
discussed in the following.

According to Equation (3), the growth rate 0By /9t is self-
similar in scale to jt/CT(, and Figure 2 shows a typical
calculation of By and T at r = ¢. In the high-density regime,
the primary contribution to heating the DT fuel is the
collision effect between the fast electrons and background
electrons, and T is increased near-linearly. The green and
yellow regions in Figure 2 roughly separate the degenerate
and non-degenerate states by the Fermi temperature T%.
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Notably, although the degenerate state lasts for merely a
short time, less than 1 ps, compared with the approximately
10 ps full fast heating process, the quadratic growth of By
in the early degenerate stage is quite crucial. As the plasma
is heated up and turns non-degenerate, the growth of By is
decreasing as expected. However, the already generated By in
the initial degenerate stage is still sustained for a long while,
which leads to self-organized pinching of the REB.

2.3. Threshold for self-organized pinching

In the practical fast heating process, attention should be
paid to the self-organized pinching of the REB. Due to the
degenerate effect, the self-generated EB field rises rapidly to
deflect and concentrate the REB. Consequently, the current
density j increases while the waist of the REB decreases,
and hence dj/dr in Equation (3) increases, accelerating the
growth of the magnetic field. In turn, the boosted magnetic
field further pinches the diverging fast electrons towards the
centre. It should be clarified that the approximately 10 ps
time span of fast heating is insufficient for hydrodynamic
effects of the background plasma to occur; therefore, this
self-organized pinching is purely EB in nature.

To determine the threshold at which the magnetic field will
inevitably evolve into the pinching process, we outline an
estimation of the required magnetic fields, in which the Lar-
mor radius of fast electrons plays a key role, r, = ymcv/eB,
where y is the Lorentz factor of the electron and v is the
corresponding velocity. For an REB out of the guiding gold
cone tip, its divergence is modelled as a Gaussian function
f () cexp(—62/63) characterized by 6,/**'1. It is essential
that the transverse extension of the magnetic field along the
r direction, denoted as L, should be at least equivalent to
rL (1 —cosfp) at a particular instant. Once the inequality

L
/ By(ndr > v =¥ (1 — cosby) (6)
0 e

for pinching is fulfilled, most of the diverging electrons
are deflected by the EB field, causing them to converge
towards the beam centre. For a rough estimation, substituting
L =10 pm, 6y = 30° and y = 3.9 (corresponding to
1.5 MeV) into Equation (6), a 10 pm scale of magnetic
field with B > 90 T is required, which is available under the
parameter of theoretical calculation.

3. Effects of three-dimensional hybrid particle-in-cell
simulations on the transport of the broad-spectrum
diverging relativistic electron beam

3.1. Introduction to LAPINS code and simulation settings

To examine the theoretical analysis, we conducted 3D3V
hybrid PIC simulations with the LAPINS code!*>~!
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Figure 3. Snapshots of the transport of REB in DT plasma at r = 10 ps. (a) Deposition of injected electrons, vector schematic of self-generated magnetic
field and profile of By. (b)—(d) Profile of the distribution of deposited, injected electrons, electron temperature and ion temperature at x = 0. For comparison,
the bottom half part of (b)—(d) shows the non-EB simulation result, which turns off the EB field. To demonstrate the pinching of the self-generated EB
field, the contours in (b) indicate the intensity distribution of the magnetic field By, and the black quivers indicate the direction of the REB’s current density

—Ji/ 17 1.

LAPINS is a hybrid PIC code compatible with simulation of
degenerate and dense plasmas over a large scale by improv-
ing the interactions of collision and the EB field. Compared
with conventional PIC codes, LAPINS modifies the kinetic
equation to Boltzmann—Uhling—Uhlenbeck equations, where
the Pauli exclusion principle is considered in collision
terms. With this approach*!!, Fermi-Dirac statistics are
implemented to degenerate particles. Different from other
hybrid PIC codes, in LAPINS code, the hydro method is only
applied to solve the EB field, while the background electrons
and ions are still treated as discrete particles. Hence, the
collisions among ions, background electrons and injected
electrons are self-consistently included through the Monte
Carlo schemes 8], Benchmarks for the correctness of the
collision module and range of fast electrons are presented in
Appendix C.

The major configurations for simulation are listed as fol-
lows, referring to Refs. [20,38—40]. Due to the special sharp
density edge in the DCI scheme, we assume that the REB
is directly injected into the high-density isochoric plasma in
our simulations. The density of DT plasma is 300 g/cm?,
corresponding to a number density of n. = n; = 7.2 X
10%° cm 3, and the initial temperature is Ty = 200 eV. The
REB is injected into the 300 g/cm?, 200 eV degenerate
DT plasma. A complete distribution of the broad-spectrum,
diverging and bell-shaped REB is written as follows:

2 | B — 1.5 MeV | 02
ng (r, Ex,0) o 2mwrexp - exp BT v exp -7
0

N

where 0 = 20 wm and 6y = 30°. The total energy carried
by the REB and injected into the system is 40 kJ, and the
injection power is constant in the 10 ps simulation span. The
fast electrons are real particles injected into the system at
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each time step, randomly assigning the r-position, kinetic
energy and momentum according to Equation (7) and the
total energy requirement. Therefore, the transport and stag-
nation process of the injected electrons is self-consistent.

The size of simulation region is 120 pm x 120 pm X
100 pm with Cartesian coordinates, with the length of
each meshgrid being 1 wm along the x- and y-axes, and
0.5 wm along the z-axis. The fields adhere to the periodic
boundary condition, and the background ions and electrons
adhere to the thermal boundary condition. In particular, the
injected electrons apply the absorbing boundary. The time
step dt is set to be 1.67 fs. The DT ions are equivalent to a
virtual species of particle with a mass number of A = 2.5,
and the nuclear fusion module is turned off. The particle
per cell (ppc) values of background ions and electrons are
both 64. The REB is injected at z = 0 from the left-hand
boundary of the simulation region. In each time step, the
ppc of fast electrons generated in the boundary cell is 8.
To ensure computation efficiency, an upper limit of 400 is
imposed on the ppc of fast electrons. A newly developed
merging algorithm*’! is applied to the injected electrons,
which simultaneously ensures the conservation of energy,
momentum and current density, while decreasing the number
of virtual particles to achieve greater computing speed.

3.2. Simulation results

The simulation results are presented in Figure 3. As shown
in Figure 3(a), significant self-generated EB fields are gen-
erated in the high-density plasma. Clear illustration of the
temporal evolution of the magnetic field profile is presented
in Figures 4(a)-4(d). The By exhibits a significant trend of
pinching towards the centre like a pair of folded wings, with
the field intensity in the ‘mid-wing’ region exceeding 200 T.
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Figure 4. (a)—(d) Snapshots of the self-generated magnetic field By at t = 2 ps, 5 ps, 8 ps and 10 ps in the EB case. The black arrows show the direction of
the REB’s current density —j¢/ | j |. (¢)—(h) Full width at half maximum of the REB’s current density j along the z-axis at the corresponding moment. The
black dotted lines indicate the linear fitting result, with the slopes shown in Table 1.

Table 1. Linear fitting slope d (FWHMm) /dz according to Figures
4(e)—4(h). The region for least-square fitting is from z = 10 pm to

z=80 pm.

t=2ps t=5ps t=38ps t=10ps
EB 0.26 0.03 -0.08 -0.15
Non-EB 0.59 0.67 0.67 0.61

The extraordinarily large field intensity near the injection
edge z = 0O results from the overly idealized REB shape,
whereas in reality the stacking and transverse spread of low-
energy electrons would lessen the field. Hence, to focus on
the self-organized pinching and to check with theoretical
calculation, the maximum value of By is only collected
within the region of z > 20 wm and r < 30 pwm, as is marked
by the black dotted box in Figure 3(a).

The growth line of maximum B, is illustrated in
Figure 5(a). Due to the divergence of the REB, the equivalent
current density along the z-axis is lower than that in the
one-dimensional (1D) theoretical calculation. However, the
simulation results match the theoretical trend well. In the first
1 ps, when the peak temperature of the background electrons
is still lower than 1 keV and most of the system is in a
degenerate state, By increases quadratically, consistent with
the prediction of Equation (3), and a considerable magnetic
field of about 100 T is generated just in this instant. Then, the
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growth of By goes over the inflection point and slows down,
as the plasma is heated up and becomes non-degenerated. Up
to t = 5 ps, the line of By in Figure 5(a) shows a high degree
of similarity with the r = o line in Figure 2(b). However, as
the magnetic field increases to be strong enough to deflect
diverging electrons to the centre, the self-organized pinching
effect occurs to concentrate the REB, leading to a boosted
increase in the EB field, with By increasing from 150 T to
nearly 250 T in the subsequent 5 ps of the heating process.
This magnetic field effectively concentrates the deposition
of injected electrons. The top half of Figure 3(b), represent-
ing the EB case, shows a significantly denser deposition
compared to the bottom half, which represents the non-
EB case. The black arrows in Figure 3(b) represent the
unit vector —}'\f = —j¢/| j |, indicating the flow direction
of the REB. It is noted that in the top half the arrows
predominantly point forward due to the collimating effect of
the self-generated EB field, whereas in the bottom half, the
arrows diverge as initially configured. The direction of the
REB’s current density —]A} in the EB case is also plotted in
Figures 4(a)—-4(d). At t = 2 ps, —3’} shows the typical diver-
gence of the REB, as in the initial settings. However, as the
magnetic field By grows over 100 T at ¢ = 5 ps, the diverging
trend is restrained, and —}'\f is gradually collimated to the
beam centre. When the simulation duration exceeds 8 ps,
most of the —}'\f arrows are pointed forward along the z-axis.
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Figure 5. (a) Maximum value of By within the statistical region shown
in Figure 3(a). The stages of degenerate state, non-degenerate state and
pinching are indicated by the green, yellow and blue background colours,
respectively. (b) Detailed profile of Bpax in the first 2 ps and the corre-
sponding quadratic fitting line (the black dotted line). (c) Profile of | j | at
t =10 ps in EB and non-EB simulations along the r-axis, normalized by the
maximum value of the blue solid line. (d) Deposit efficiency of the REB in
EB and non-EB simulations. (¢) Maximum values of 7; and 7, of plasma in
EB and non-EB simulations.

The divergence of the REB can be characterized by the
profile of current density | j | along the z-axis. To attain
the multiple relationship clearly, | j | is normalized by the
maximum of the counted profiles. As is shown in Figure 5(c),
| j | has a broader profile in the non-EB case, and decreases
rapidly as z increases deeper into the plasma, which indicates
that the injected electrons have been scattered and the REB
is diverging. In contrast, due to the pinching of the self-
generated EB field, the REB in the EB case still retains
a considerable intensity even after transporting deeply to
z =50 pm, and the waist expansion is minimal. In com-
prehensive consideration, the divergence of the REB during
transport is quantified by d (FWHM;;) /dz, obtained through
a least-squares fit from z = 10 wm to 80 wm, as shown
in Figures 4(e) and 4(f). Due to the diverging angle 6, in
the initial settings and the collisional scattering, as shown
by the red lines in the non-EB case, FWHM|; broadens
as z increases. However, when considering the effect of
the EB field, the profile of FWHM|; changes significantly.
Even at r = 2 ps in Figure 4(e), the blue line of the EB
case exhibits a slower growth rate than the red line, which
indicates a smaller diverging angle. At t = 5 ps, FWHM|;
in the EB case no longer increases over z, and the REB
has been collimated. As for ¢ exceeding 8 ps, the slope
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d (FWHMW) /dz turns negative, which means that the waist
of the REB is shrinking over z, and the REB is pinched by
the self-generated magnetic field.

3.3. Analysis of the deposit efficiency of the REB and the
enhancement of fast heating

The pinching of the REB significantly impacts the deposit
of injected electrons. Figure 5(d) illustrates the deposit
efficiency of the REB, which is defined as the ratio of the
number of injected electrons deposited in the heating region
to the total number of injected electrons in the REB. A
high deposit efficiency indicates that more injected electrons
deposit their energy in a localized region, making the most
use of the energy of the REB. According to the profiles of
electron and ion temperature shown in Figures 3(c) and 3(d),
the heating region of the DT plasma has been estimated as
a cylinder, with the lateral radius r = /x2 +y? being less
than 20 pm. It can be noted in Figure 5(d) that in both
simulations, the deposit efficiency decreases over time in
the beginning stage. However, the blue line representing the
EB case increases after + = 3.5 ps, which means that more
injected electrons are concentrated to the heating region by
the large EB field and pinching. At t = 10 ps, the deposit
efficiency is merely 2.46% for the non-EB case, while it is
10.78% for the EB case, showing a significant difference of
more than 8%. Accordingly, the pinching is promotive for
the concentrated deposit of the REB to form a localized hot
spot for ignition.

To directly demonstrate the effect of pinching on the
ignition, the electron and ion temperatures of the DT plasma
are also discussed. The top half of Figures 3(c) and 3(d),
representing the EB case, shows a larger and hotter heated
region, which extends deeper along the z-axis. The increase
of the maximum values of T, and 7; is shown in Figure 5(e).
It can be observed that 7; is always lower than T, since
the heating of the DT ion is through relaxation with bulk
electrons. A temperature difference between the EB and
non-EB cases emerges after 1 ps, when the field has grown
beyond 100 T and begins to concentrate injected electrons.
As the pinching effect intensifies, the temperature gap finally
increases to 1 keV at r = 10 ps, when 7; in the EB case
has reached 4.3 keV. To save computational resources, the
nuclear reaction module is not included in simulations.
If considering additional fusion o-particle heating from
burning of the DT fuel, the sensitively T-dependent fusion
reactivity in the EB case is nearly two orders of magnitude
that in the non-EB casel®"!, and the gap of 7; between EB and
non-EB cases will be far more remarkable. It is expected that
the entire heated region in the EB case would exceed 5 keV,
forming a hot spot for ignition. Using the same estimation
of the heating region as described in the last paragraph,
and defining the heating efficiency as the increase of DT
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ion internal energy in the heated region divided by the total
energy injected by the REB, the heating efficiency is 11.69%
in the non-EB case and rises to 19.75% in the EB case,
which comes out as nearly a two-fold increase. This result
indicates that the effect of the pinching and self-generated
EB field in the high-density plasma has been significantly
underestimated in previous studies.

4. Discussion and conclusions

During the transport of fast heating with an REB directly
injected into dense and degenerate (n. ~ 10 cm™3,
T ~ 100 eV) plasma generated by the colliding of high-
speed plasma jets from two gold cones, we investigate
and reveal the significant effect of quantum degeneracy
on the rapid growth of the self-generated EB field and the
trigger for self-organized pinching, which were neglected in
previous works. Due to the favourable spatial configuration
of resistivity in the state of degeneracy, the self-generated
EB field grows rapidly in the initial stage, and further
promotes the concentration of the REB to deposit energy in
a limited region. Enhancement of the deposition efficiency
of the injected electrons has been observed in the 3D hybrid
PIC simulation, and this consequently results in a two-fold
heating effect for ignition. In addition, in researches on ultra-
intense laser—solid interactions, energetic electron bunches
are driven through strongly degenerate solid material or
warm dense matter. Hence, the self-organized pinching
is also intricately linked to the vast topic of ultra-intense
laser-based applications, encompassing laser-driven ion
acceleration®' 21, neutron sourcesP?!, THz radiation®*>]
and the creation of transient warm dense matter.

Based on this investigation, further perspective is proposed
for practical implementations. To take advantage of the
degeneracy, employing a non-exponential energy distribu-
tion on the REB, with a reduced proportion of low-energy
electrons, is advantageous for fostering the pinching, since
this approach prevents excessive heating of the plasma near
the injection position. Moreover, the synergistic effect of the
exerted assisting magnetic field®®! along the z-axis and the
self-generated EB field is also worthwhile investigating in
the future.

There are still some limitations in this investigation. To
simulate large-scale, high-density plasma while accounting
for both binary collisions and EB fields, we employed
a hybrid PIC algorithm**!. However, this approach
may overlook microscopic kinetic perturbations, such as
filamentation of the REB. The idealized REB model used
in the simulation causes a strong magnetic field near the
injection edge, which is not supposed to occur in reality. In
addition, we applied a piece-wise resistivity model in our
theoretical analysis to qualitatively describe the quantum
degeneracy effect and the self-organized pinching, while the
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resulting By may quantitatively change as a more accurate
description of resistivity is used.

Experimental validation is planned at the Shenguang II
laser facility, where integrated experiments of the DCI
scheme are conducted. Three electron spectrometers are
planned to be positioned at different angles to the transport
direction of the REB, to obtain the angular distribution of
the escaping fast electrons passing through the dense plasma,
which may provide valuable insights into the role of the EB
field and quantum degeneracy in enhancing the heating
efficiency of the REB.

Appendix A: Analysis of ohmic and collisional stopping
power for high-density plasma

In this section a theoretical analysis of stopping power
dEy /dz for the transport of the REB in the high-density
DT plasma is conducted. Referring to Ref. [36], in which
a comprehensive stopping power model is displayed,

dEy, <dEk> N (dEk)
dz  \dz /, dz /,
4metnyg,

=— o I'(Ex) InA¢— neznfc
€

1
—_— Al
VT (E) (AD

In Equation (Al), the ohmic component (dEyx/dz), rep-
resents the deceleration effect of the electric field of the
return current”*!, The electric field, equal to resistivity times
current density, E = nj,, = —nj;, is generated to decelerate
fast electrons, where 7 is the resistivity of the background
electrons. Let j = | j; |, and the ohmic component is written
as (dEy/dz), = enj.

Meanwhile, the injected fast electrons collide with the
background electrons®’), also transforming directional
kinetic energy into disordered thermal energy, which
corresponds to the collisional component (dEy/dz), =
koni[Ziln A+ (Z—Z)InAy], where Z; and Z — Z; are
respectively the number of free and bound electrons,
InAf and In Ay are respectively the Coulomb logarithms
for collisions with free and bounded electrons and xy =
4e* /mev? is the stopping factor. For fully ionized DT
plasma, Zi=1and Z—Z; =0.

In an FI scheme, fast electrons have an energy of Eyx ~
MeV; therefore, v¢ approximates to ¢, and a relativistic
relationship v¢ = ¢/ I" (Ex) is added to stopping power, where
[(Ey) =y?/ (y2 - 1) and y = 1 4 Ey/m.c? is the Lorentz
factor.

In the high-density regime of p ~ 100 g/cm?, the colli-
sional component (dEy /dz) ., proportional to . increases sig-
nificantly. However, in many previous studies!®**~*, merely
the ohmic component has been taken into account. To
address this gap, the ratio of the ohmic component to the
collisional component of Ex = 1.5 MeV fast electrons is
calculated. The number density of background electrons #,
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Figure 6. Ratio of the ohmic component (dEy/dz), to the collision
component (dEy/dz). as a function of background DT plasma’s density p,
under the corresponding Fermi temperature of each certain p. The blue, red
and black solid lines represent the calculation results with the intensity of
the REB I equal to 8 x 10'8 W/cm?2, 2 x 10! W/cm? and 2 x 100 W/cm?,
respectively.

ranges from 10** to 10%® cm—3, corresponding to the density

of DT plasma p ranging from 5 to 500 g/cm?. The temper-
ature is set to be the corresponding Fermi temperature of
each density, where the resistivity is the greatest, indicating
that (dEy/dz), reaches its maximum under the given density.
Besides, (dEy/dz). ~ InAf ~ In+/T is generally insensitive
to the variation of temperature.

The calculation result is shown in Figure 6. The intensity
of the REB is represented by I & n¢Exc, since I' (Ey) tends
to 1 on the scale of Ex ~ MeV. According to Figure 6, the
neglect of the collisional component is only applicable in the
low-density regime, for instance, when p ~ 10 g/cm?® and
the ratio k = (dEx/dz),/(dEx/dz), exceeds 10? for an REB
as intense as I ~ 10%° W/cm?. However, in the high-density
regime of plasma with p > 50 g/cm?, (dE/dz), has become
comparable to (dEx/dz),. Under the condition for ignition,
with p ~ 100 g/cm? and I ~ 10%° W/cm?, the ratio k falls
close to 0.1, which indicates that the collisional component
is nearly 10-fold the ohmic component, and dominates the
stagnation of the REB.

Appendix B: Analysis of the resistivity of degenerate
plasma

In order to perform a concise analytical derivation, while
representing the essence of quantum degeneracy, a proper
piece-wise expression of 7 is applied as follows:

_ 44/ 2nmé/2e2 In Ay
T 3(TH+TR)

min{1,T/T¢}, (B1)

in which 4«/2nm3¢/ 232lnAf/3T3/2 originates from the
Spitzer model, with 7 substituted by 7 + T accounting
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Figure 7. Resistivity (in Gaussian units) of 300 g/cm® DT plasma in the
classical Spitzer model, and the Lee—More model in the form of Equation
(B1). The upper limit nmax is shown by the black dotted line. The 5 in
LAPINS code is depicted as scatters of black diamonds.

for the quantum degeneracy effect, where Tr = (ﬁ2 / 2me) .

(3n2ne)2/ > is the Fermi temperature. In this paper,
the Boltzmann constant kg is omitted, and temperature
also possesses the dimension of energy. The Coulomb
logarithm is defined as InAy = max{In(1+4Aip/b),2},

where Ap? = /ApZ+Ap? is the Debye length and
b = max{e2/mevfh, ﬁ/mev[h}. The expressions for Ape
and Ap; are given by Ape = /(T +Tf)/4mne.e? and
Api = +/ T /47 n;e?, respectively. For fully ionized DT plasma,
the number density of ions #; is equal to n.. A curve for the
resistivity of 300 g/cm?® DT plasma is displayed in Figure 7.

Regarding the upper limit of collision frequency vpax,
the mean free path Ang = Vin/Vmax of the electrons, where
vin = /3T +Tg)/m. is the thermal velocity, should
exceed the inter-atomic distance Ry = (4mne/3) /319851,
The upper limit of resistivity in the Drude model,
Nmax = MeVmax/€*Ne, is also illustrated in Figure 7. In the
dense regime of 300 g/cm? for DT plasma, the expression in
Equation (B1) is reasonable, as it is always below the upper
limit.

Appendix C: Benchmark of the range of fast electrons
with LAPINS code

The Monte Carlo method***3%% ig applied in the collision
algorithm, and the accuracy of the collision module has been
checked for simulations. The collision algorithm in LAPINS
code is based on the work of Pérez et al!**!. To validate
the correctness of the theoretical analysis, a 1D benchmark
of the range of 1.5 MeV monoenergetic REB in 300 g/cm?
and 5 keV DT plasma has been carried out. As shown in
Figure 8, the results correspond well to the theory developed
by Solodov and Betti®’!. As a supplement to the argument
in Ref. [48] regarding the SK numerical algorithm!*’!, it is
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Figure 8. Benchmark of the range of the 1.5 MeV REB in 300 g/cm® and
5keV DT plasma. The blue solid line is the fitting curve given by Solodov
and Betti®’], The diamonds represent the result of LAPINS code, applying
the algorithm of Pérez et all*®!, with red diamonds indicating a dynamic
Debye length. The black dots represent the result applying the algorithm of
Sentoku and Kemp!*7!.

noted that the alternation between the centre mass frame
and the one particle at the rest frame is inaccurate even on
condition that one of the colliding particles is non-relativistic
in the laboratory frame. This may lead to an incorrect estima-
tion of the range of relativistic electrons, and this deviation
is also observed in the open source PIC code EPOCH.

In particular, LAPINS code employs a dynamic
Coulomb logarithm InA = In(1+2a,/b)°,  with

Xy = /(T/4mnee?) [1+(82/%,)] and b’ = min{e? /me .
h/m.pB}, where B is the relative velocity of two particles
and vy, = +/3T/m, is the average thermal velocity. In the
slow velocity limit v¢ < vy, B is equal to V2v and In Ap
reduces to the static Coulomb logarithm In Ap, differing by
a negligible constant In +/3. In a high-velocity regime, the
range of fast electrons with the dynamic Coulomb logarithm
model is lower, as is shown in Figure 8.
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