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Stationary Electric Double Layer (DL): Introduction
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Key Points for Discussion of DL Structure

1. Theoretical model for the nonlinear steady-state electric DL at the target-vacuum interface.
2. Model 1s described by an integrable system, enabling an analytical solution for n, and € within DL.
3. DL formed by laser interaction with a dense target is characterized in terms of three control parameters:
1) the total charge of the laser-heated ("hot") electrons,
2) the magnitude of the charge lost by the target, and
3) the hot-electron temperature.
4. For significant charge losses the maximum energy of ions accelerated within the double layer via the
TNSA exhibits a non-trivial dependence on the laser pulse duration and focusing sharpness.



DL Theoretical Model
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Basic Equations

dé
e = —Te—xln(ne), F i —4men,, .

Boundary conditions
ne(0) =ny, n.(o) =0, E(») = 4mo, .

Charge balance condition

A ["n, (x)dx = £(0) — £(»), - £(0) = 4mZ, ;

Q. > 0 -- total charge of the laser-heated electrons;
AQ, > 0 -- total charge loss by the target

X, =Q.,/S; 0,=4Q.,/S, S~(10-100) um?;
Typical laser-plasma parameters

Wpe K TS wyl; Te~(1—10) MeV; AQ,~(1—-100) nC

[rradiation by a high-contrast ultrashort laser pulse
creates a steep, virtually step-like density profile at the
front target boundary, whereas the rear target-vacuum
interface, unaffected by the laser, constitutes a sharp
boundary a priori. The assumption of high laser
contrast allows to use a semi-infinite medium model in
the DL theory for both sides of the target;



Analytical solution for equations of stationary DL

Analytical solution for § > 0 1
9 1o X 0.100§ &=0.1
n, = ngA“sh™ (A + arsh(A)), ;
’ V22p S 0.010}
X ) = ;
E = Eyécth <A + arsh(A)), A= : 0.001;
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Analytical solution for 6 = 0

( * + 1)_2 E=E ( ad + 1>_1
ne=n ) = )
e 0 \/EAD 0 \/E}.D

60=0.1
21 , , 6 =0.05
Ny = n,(0) = T—eze(1 - 68%), Eo = €(0) = 4mZ,, 8 =0.02
P T, 1= Apo 5 = Oc 8=0
20 2vzmes,’ YL Z,




Characteristics of DL & Laser characteristics

Energy balance condition

nWy = [(n,T,+&E/8m)dV, W= (a5/2)n.,m.c3tSy, So=mr?.
W, - total energy of a laser pulse; 17 - conversion efficiency of laser energy into hot-electron energy,
T - pulse duration; r - radius of a focal spot; a;, — dimensionless amplitude of a laser pulse.
Integration over volume V: S=~m (r+c1)?=5¢y(1+ct/1)?*, x=R=r+crt.

S — expanded hot spot; V.Yu.Bychenkov, A.V.Brantov, Phys.Plasmas 28, 063106 (2021).

Equation for surface charge density

8%G* + 3(1 — dcth (anaa + arsh(A))) =K |k = ('"ecz)zﬂ Wy Yo _ _Te Ao
m? - R= T, Ao 27T3meczncolg ’ encolo N m,c? ?G '
€0 _ 40 Te oo Mo _ o201 g2\ Te (B NP | 2 2 A
encoly 4-n-mecz R G, neo 2T (1 0 )mecz (R G) ! E =2n \/2(1 - 62) R G.

For the so-called J] X B mechanism of laser electron heating: T, = mec?(y — 1), where y = \/ 1+ a3/2.
S. C. Wilks, ... Phys. Rev. Lett. Phys. Rev. Lett. v.69, 1383 (1992). Hui Chen, ... Phys. Rev. Lett. 114, 215001 (2015).
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Ton acceleration in DL

Test particle approximation

Em = €i[¢(0) — $(R)] = ZTIn(n, (0)/n, (R))

m = 2ZT ln[1 ( X +arsh(A)>] Z=ce;/e
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Examples of ion acceleration in DL

Laser pulse compression -- problem of shortening high-power, multi-terawatt femtosecond pulses to increase
their intensity while keeping the total energy virtually constant.

WL in J, ).0= 0. 8ﬂm, ag > 2,

Em 5 Ay/T [1 5
~ 10%Z,/W; K, K=———In|—sh(2n“6G + arsh(4) ] ,
m,c? g Jet/a, LA ( ) 4.6 x 107 *(ct/2y) (r/AO)2 <W,[J]

(a) K=const, 6=0.02; n=0.25; A;=0.8um.

(b) K=const, 6=0.2; n=0.25; A;=0.8pm.

T =251s, r=5 um,

/Ay = 6.25, ct/Ay = 9.375;
6=0.2, K ~0.448;
6=0.02,K =~ 0.225;

20fy

W; =1J (40 TBT, ay = 4),
En = 20 MeV for § = 0.2,
En = 10 MeV for § = 0.02,

cridg
cridy

W; =10J (400 TW, ap = 12.4)
En = 70 MeV for § = 0.2,
En =~ 35 MeV for § = 0.02

Experiment: 7 = 30 fs rido iAo

K. V. Safronov, et Cll, JETP Letters, 121, Issue 7, 562 (2025) WL =1.56J » I =2 um, Epr= 10 MeV; Em =~ 20 MeV; ? Electron cooling
S. Fourmaux, et al, Physics of Plasmas, 20, 013110 (2013). W, = 0.54 J ,r =3 um, &,,.~ 4 MeV; &, =~ 10 MeV; R->RI./(R+1)



Conclusions & What’s next?

* The resulting solutions, which are of a novel form, are presented as analytical formulas.

* The theory demonstrates how the dependence of the Debye length on plasma parameters is
modified.

* A significant achievement of the theory is its inclusion of the charge lost by the target; this is
crucial for describing the DL in realistic experimental conditions and for understanding TNSA
ion acceleration.

 We emphasize that the estimates presented here regarding ion energy gain in the DL are
qualitative and problem-oriented, derived within the test-particle approximation.

This paves the way for developing a consistent theory of ion acceleration that accounts for the
self-consistent redistribution of energy between the field and the particles. An analysis of the
double-layer structure for cylindrical and spherical targets—including submicron targets with a
thickness less than the Debye length, where field penetration into the target must be taken into
account—is also of interest.



Stationary DL in Cylindrical Geometry

Basic Equations Boundary + Charge balance conditions
d(rf)
A . . 2\2melp P
nalytical solution 0= \]1 +C,125/p2 +V2Ap/p, O~ Oin = Oc ,
e
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E=—1+ |7 cth 71115 + arsh o7 : Characteristics of DL & Laser characteristics
* Energy balance condition
2\2mepo 5 T, o, * Equation for surface charge density
[C;, = —— |6 — —_°
T, [ Znepa] ' o o’ : : :
* Specification of mechanism of laser
electron heating
_ 2ma? T, b
o == 1-68)1+6- mepo| « Limitations on losses of electrons 6 < —,?777?
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Analytical approach to stationary DL : self-consistent losses

Analytical solution

Boundary + Charge balance conditions

_ 2 h—2 X
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Small finite losses for limited values of R/ V24, !!!



Thank you for attention!

Questions?
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