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Scaling laws in LWFA

Energy depletion length: ﬁ o He

ng - plasma density

Rayleigh (diffraction) length:
2
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In low density plasma (n,< n,) the depletion length is much
longer than the Rayleigh length!

<

Guiding is needed!
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Mode dispersion

J. E. Shrock, et. al, Phys. Rev. Lett. 133, 045002 (2024)

Each mode has different wave number
(normalized to ko):

pm k2w? Ne.

Challenges

Energy leakage

(b) & = 6.0 J, Channel Exit
1200 pm

Fluence — &
O :

1 2 3 < 5
Plasma Channel Length (cm)

A. Picksley et al., Phys. Rev. Lett. 133, 255001 (2024)

High order modes have larger transverse wave
number, they can propagate out radially.




))))») eli Transverse evolution of a laser beam

Starting point:

A =aexp[-i(wyt — koz)]

PA_ oyrp Z g2t S 2%y 2, e,
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))))») eli Transverse evolution of a laser beam

Starting point:

A =aexp[-i(wyt — koz)]

A _2y2p g2l — 2%y 2 e
ﬁ—CVA—a)p ;A 7”109C 1 4a noy
y = 1+a2/2 C =kyz a:ﬂ n,=ng+ om
m,c
Applying the SDE
method*.
2
0 w _ 4 (1-K)
0z%  k*wd

For Gaussian laser envelope!

*P. Sprangle et al., Phys Rev A 36, 2773 (1987)
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))))») eli Transverse evolution of a laser beam

Starting point:

A =aexp[-i(wyt — koz)]

2 N, da n
PA_ avea2lg — 2i—< T =_V %a+—Cq
ot? Py ng dC nyy
2 —k eA n,=ny+ on
y =v1+a%2 C=koz a=— e = Mo
m,c
Applying the SDE
A method*.
K=1 ifwy==Lya; and ag>1
T
2
Relativistic self-guiding condition! W = 4 (1 -K)
The laser spot size remains constant! 0z kw3
For Gaussian laser envelope!

*P. Sprangle et al., Phys Rev A 36, 2773 (1987)
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) eli Why not self-guide?

1. The laser beam does not remain Gaussian

2. In the self-guiding model the density modulation is neglected!

3. The laser pulse has a temporal envelope, which changes in time:
Self-phase modulation!
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1. The laser beam does not remain Gaussian

2. In the self-guiding model the density modulation is neglected!
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) eli Non-uniform guiding

https://arxiv.org/abs/2412.14785v2
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The front side and back sides of the laser pulse have
different guiding conditions!



) eli Non-uniform guiding

https://arxiv.org/abs/2412.14785v2
Radial density profiles within the pulse:
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The front side and back sides of the laser pulse have da? exp(—232)
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))))») eli Mode-preserving guiding
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Mode-preserving guiding

For single-mode guiding (mode matching) the susceptibility has to
be a parabolic function of r:

b
1+e—=+6dn
F rb 1 472
— = =—+K—
Y y (1) Yok, we

Kk - focusing strength of the channel

Whenx =1andb =2,y =1 the
ytraditional” perfect guiding is achieved,
were the spot size remains constant.



))))») eli Realistic plasma channel

For single-mode guiding (mode matching) the susceptibility has to

b be a parabolic function of r:
Neg =gl 1+€e—|,b>2
rt b
C
e :
, F re 11 4> |
2 — % = r—+K > I
n, =Fng=nyg 1+eﬁ+6n 0% v (7) :7/0 k, Wt
c  J - NA———m— e - |

It is a curve fitting problem!

https://arxiv.org/abs
/2412.14785v2
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))))») eli Realistic plasma channel

For single-mode guiding (mode matching) the susceptibility has to

b be a parabolic function of r:

Tleozno(1+€r—b),b>2

re b
1+e—b+6n T T T A

rb E:J TC ::1 i 41” I
n,=Fng=~ny|1+e—+0dn y v (7) Vo  k.lwd |
rlg Y P __O__I

It is a curve fitting problem!

https://arxiv.org/abs
/2412.14785v2

These two curves can (almost)
overlap in a wide channel
(r.> /\p)!
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Realistic plasma channel

For single-mode guiding (mode matching) the susceptibility has to
be a parabolic function of r:

For o6n =0, in the middle
of the pulse:

1l+e—+0n
F rb 1 42
— = =—+K—
Y y (1) Yok, wp
* 2 —1/b
L22 — 4v98* k(1 —2/b) . 8/{/}/*8*2 /
pWo = v _ 1 Te =T S
Yo/ bekswg
vo=A1+ag22, S =; ~ 1.5 https://arxiv.org/abs
0

/2412.14785v2
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))»») el] Particle-in-cell simulations (FBPIC)

Matched Mismatched
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Very brief condition for mode matching: r, > )\p > Wy and ag > 2.
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))))») El] Particle-in-cell simulations (FBPIC)

Matched Mismatched

Mode dispersion is
clearly visible!
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Energy (GeV)
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1D wave-breaking field: Ewb,frel — Ep,O \/2(%3 - 1)-
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))»») eli Mode evolution
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) eli Coincidence?

A. Picksley et al., Phys. Rev. Lett. 133, 255001 (2024)
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)))»)) eli Conclusions

HOFI channels are not infinite guiding structures, high-order radial modes can ,leak out”.
Only one (single) mode can be guided if the susceptibility is a second-degree polynomial inr.

The fundamental (Gaussian) mode can modify the channel density to form a parabolic profile.
Finding the optimal parameters leads to mode matching.

With this new matching condition the LWFA can be more efficient.

re > Ap > wp and ag > 2.

Future plans: control over the self-injection and optimization of the energy gain.
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Save the date

User Call
opening
soon

Submission period:
23 September-28 October

7th User Call

https://up.eli-laser.eu/news/1739522201/pre-
announcement-7th-eli-user-call-to-open-on-23rd-
september-1739522201
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Thank you for your attention !
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) eli Backup slides!



) eli

V, A+ 1228

Wave equation for laser pulses
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i)»))) eli Wave equation for laser pulses

VJ_ A+2 gazA 4 1 82 _ane(E/r)

A
2 ITIE\ y 2 P& oy

This term can be
neglected if the
plasma density is low!
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If group velocity dispersion can be neglected (n7< n,), one Helmholtz equation
holds in each longitudinal (&) slice of the laser pulse.
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))))») eli Pulse propagation is not self-similar

ng=0.4x108cm™3 ny =3.6 x108cm=3
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The laser pulse modifies the plasma
density and generates a gamma
distribution, which ensures a
parabolic susceptibility in the radial
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)))»)) eli Realistic (HOFI) plasma channel

b | /
r _
neozno(l+€—b),b>2 4: /
re _
12;
b
r 10+
ne:FnOzn0(1+e—b+6n) O:
7/‘C

X, a2

N B O 0

N\,
N,
N\,
et e e e e e e e e e e e
N,
N,

32



) eli

N, da n,

21— — =— Vfa +——a

no 0.)C noy

b
Mg =Ng| 1 +e—~ ,b=4
7/'C
Main parameters:
€ =145
ag = 2.5

ng =3 x 107 cm™3

Numerical examples

Solving it with the operator-

splitting method:
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))))))) el Narrow and wide channels
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Recent experiments!




