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WHAT THE TALK IS ABOUT







There are many well-known works in

m photoionization
0. Matula, A. Hayrapetyan, V. Serbo, A. Surzhykov, S. Fritzsche. Atomic ionization by
twisted photons: Angular distribution of emitted electrons. J. Phys. B: At. Mol. Opt.
Phys., 2013,
A. Peshkov, D. Seipt, A. Surzhykov, S. Fritzsche. Photoexcitation of atoms by
Laguerre-Gaussian beams. PRA, 2017,...

m scattering of vortex electrons
V. Serbo, I. P. Ivanov, S. Fritzsche, D. Seipt, and A. Surzhykov. Scattering of twisted
relativistic electrons by atoms. PRA, 2015,
D. V. Karlovets, G. L. Kotkin, V. G. Serbo, and A. Surzhykov. Scattering of twisted electron
wave packets by atoms in the Born approximation. PRA, 2017, ...
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But there would be smth new
m evolved state formalism (see D. Karlovets talk on Thursday)
m somewhat exotic LG state
m vortex electrons of high energies
m focus on getting information about an electron beam




VORTEX PHOTO-ELECTRON

(PRELIMINARY RESULTS)




TYPES OF INCIDENT PHOTON BEAMS
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EVOLVED STATE
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Then the final state wave function in the momentum representatlon is

veu(Ps) = (Prlev) = /

d3ps
/) Sh / (27I:)J;5(Pf — Ps)Ssi = Ss(Pr)

m state as it is = no dependence on detection scheme
m we keep phase in Sg
OAM operator action in the momentum representation

ol Lz lev) = i (plev) = —i(;zpwev(p)
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REMINDER: PLANE WAVE ELECTRON PHOTOEMISSION

In relativistic theory:
st =ie / YE (1, ) QA(r, ) (r, t)d“x = 2mid(e; + w — ef)Mg
In the non-relativistic limit « = —iV/m. Then
My =iz [ GOV P, Agn(r) = ene™

Initial matter state — an electron in the “hydrogen"-like atom. Final - plane wave.

23/2e—2r/a 1 ior
i(r) = W7 a= me2’ Vs (r) ek

For the ground 1s state of electron we obtain the plane wave scattering amplitude

ne
Ms=Np——"—, q=p—k n=p/p
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EVOLVED STATE HAS OAM =/ (INCIDENT BESSEL PHOTON)

2 .
Twisted amplitude: M{" = /égagg(kL)e"klb(kl)Mﬁ
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where I, here equals —%Tg in Serbo et al, PRA, 2015.



EVOLVED STATE HAS OAM =/ (INCIDENT BESSEL PHOTON)
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Twisted amplitude: M}W_/ =0, (k1 )e b (R )M
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where I, here equals —%Tg in Serbo et al, PRA, 2015.
—> l¢(, 8,0) does not depend on . Thus,
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TYPES OF TARGETS

To model a target we average the scattering characteristic (amplitude, cross section) f with
some distribution function n(b):

Fo(p.k,b) = /dzb n(b)f.(p.k,b).

n*"9'(b) = 5(b — bo)
nmaco () — #9(;? —|b|), R— o

nmeSO(b) _ 1 1("02’0) 7

27er

call o}, effective size of a
target

single atom target mesoscopic/macroscopic

target



NON-ZERO IMPACT PARAMETER

ikb

oikbcos(@on—es) my 4 _ D omiy pi(@ip) _ KD
2

158 pivy o—i($+ep)
In the matrix element we replace

ilﬁb i i ] b i —i
If(avﬁabvsap)%In(avﬁao)_Te 4Pbe<PpI£+1( )Bv ) 2 e@be SDPI[ 1( aﬁ)o)

= final state electron is a superposition of states with [, [ 1, [+ 2, ...




NON-ZERO IMPACT PARAMETER

IKD @ehpb e~ i(#+ep)

i cos(B+ep—b) p, 4 _ 1D pitoy pilF+ep) _

In the matrix element we replace

le(ev, B, b, 0p) — In(c, 5,0) — “Zbe_i%eiw”lgH( ,3,0) — 2be"Pbe"¢Plg 1(a, 8,0)

= final state electron is a superposition of states with [, [ 1, [+ 2, ...
Consider coherent averaging over the axially symmetric mesoscopic target

MY = /dzb n(bymy" = /bdb depn(b)mg”

Integration over ¢, eliminates any term containing the factor ¢ in the amplitude.
= final state electron has OAM ¢

8




DENSITY MATRIX APPROACH

Define the density matrix of the evolved state ’ Pev = |ev) (ev]| ‘

(Lz) = Tr(1 ) Tr (Lz/)ev>

Check:

1 d3qd3q 7 N g /
=3 | 5 e h(a. = L)ia: = ) va)e() =

(q|Lz|q")

Introduction of small impact parameter preserves (L) = /.
For the (incoherent approach) - introduce the averaged density matrix

¢w=/d%nwmww)

Pro’s: information on phase remains (not necessarily so for cross sections)

)



PROBABILITY DENSITY OF PHOTOELECTRON

Incident Bessel beam, ¢/ =1, E = —1.2E;: Incident LG beam, ¢ =3,n =1, E = —1.2E;:
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PROBABILITY DENSITY OF PHOTOELECTRON

Incident LG beam, / =10, n =1,

Incident LG beam, / =10, n =1,
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TRANSVERSE COHERENCE LENGTH (BESSEL BEAM)

For ¢ = 3, 6, = 1deg: E = —1.2E;, 6, =1deg:
— electron = electron
1034 —— photon 1054 = proton
L ©
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SCATTERING OF NON-RELATIVISTIC LG ELECTRON

PACKETS

(ARXIV:24,04.11497)




INTRODUCING ELEGANT LAGUERRE-GAUSSIAN (ELG) BEAMS

weLG(p) - N pm LW p2 exp ’650 - 8
€L ELGO'KHJI n 20_1 2 i

2
!;00(!5\ . . . .
o004 m introduced by Siegman (1973) in laser optics

20 TN

Key properties:

m good for optical micro manipulation

40

=2, n=6 m exact solution of the Schrodinger equation

g m form a complete set of solutions BUT are not
orthogonal

elLG electrons?
O @ O

-50 -25 0 +25 +50

MeMorran et al 2011
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PROFILE COMPARISON
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Bessel-Gaussian (BG) wave packet has the Gaussian wave function, in the

momentum representation:
Co—(r—0)?/(202)




SCATTERING CHARACTERISTICS

Number of events for single atom scattering

dV - Ne 2 SV -
40 = cosp, (@D, @=p'—p, p={k)
me i
F(@.b) =~ [V(r)v.(r+ b)e @dr

V. (r+b)— / e+ (k)%
o i

d’k .

Average cross section for macroscopic target

do _
(o[9) cos@

doe 1 —dzb

dQ N,/ dQ

/\f (@~ k)P0, (k) Pk,

Hydrogen-like targets:

VH(I’) = —i: (1 L g) e—zr/a

Heavy elements (Fe, Ag, Au):
take the potential field as the
superposition of three Yukawa terms

Zer &
Vy(l’) = 77 Ajeiﬂjr,
j=1

See akin calculations in V. Serbo et al
(2015)



SCATTERING ON A SINGLE HYDROGEN-LIKE ATOM
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MACROSCOPIC TARGET OF H-LIKE ATOMS

do/dQ dor/dQ
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The average cross section da /d< for different values of OAM (a) and n (b). Results are
presented for the width of the incident packet o,, = »/3 and opening angle 6, = 15°.




MACROSCOPIC TARGET OF HEAVY ELEMENTS
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Scattering of sLG (solid lines), eLG (dashed lines), and BG (black line) packets on Fe (a), Ag
(b), and Au (c) macroscopic targets: The average cross section dz/dQ for different values of
[. Width of the incident packets o,, = >, /3, opening angle 6, = 15°, and n = 1.



SCATTERING OF HIGHLY RELATIVISTIC VORTEX

ELECTRONS

(PRA A 108, 062803 (2023))




RELATIVISTIC SCATTERING AMPLITUDES

Here we consider scattering of Bessel beam

The Mott scattering description is given in
with TAM m on different targets:

terms of the scattering amplitude:

Fax(B.0) = = [ Vo (Ve pa (R)r, i (dcr)("’“"") <do)“’w> P
= b <
Sp = l27r5(5 —&fax(p,p) gp—o \ d{2 dQ
The resulting cross-section is
meso

do Fﬁn,\,\' p.p, bO) =
0|y~ T8 PO I 1

= [ @bIF(p,p’,b) ————

2moy

do (single) _]2 ) do (PW)
a9 = Jm—x(rbo) a9



tan gp == i
z
For various widths rpeqm and TAM m at e = 2m,: typical 6, (< 1 deg). 6, o e "

% (barn/sr) % (barn/sr) % (barn/sr)
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Macroscopic Fe target. Left: ¢ = 2m, blue 6, = 0.1° (x = 1.5 keV), red 6, = 0.5° (x = 7.7 keV),
green 6, = 1° (k = 15 keV); Middle: £ = 5m,, blue 6, = 0.1° (x = 4.4 keV), red 6, = 0.5°

(k = 21.9 keV), green 6, = 1° (rk = 43 keV); Right : ¢ = 20m,, blue 6, = 0.1° (k = 17.8 keV), red
6, = 0.5° (k = 89 keV), green 6, = 1° (x = 178 keV).

’Peakate’ =6 :,z/-c‘
The peak is distinguishable only for values of x > 10 keV.
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Macroscopic Au target and ultra-relativistic electron energies. Top panel: ¢ = 100m,, blue
solid 6, = 0.001° (x = 0.89 keV), dashed red 6, = 0.01° (x = 8.9 keV), dot dashed green
0p = 0.1° (k = 89 keV); Bottom panel: ¢ = 1000m,, blue solid §, = 0.001° (x = 8.9 keV),
dashed red 6, = 0.01° (x = 89 keV), dot dashed green 6, = 0.1° (x = 891 keV).



INTRODUCE R

Problem: no sensitivity to OAM with macroscopic target

dv (meso) dv (macro)
Rm-x(op, k) = (dQ) /<d§2>
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Parameters: ¢ = 5me, A = 1/2.
Left panel: 6, = 0.001 deg, « = 44 eV; middle panel: 6, = 0.1 deg, « = 4.4 keV; right panel:
0p = 1deg, k = 44 keV.



ON RESULTS WITH MESOSCOPIC TARGET

A finite size target can be used to retrieve information about OAM m — \.
However, we need realistic target sizes o, > 1 nm.




ON RESULTS WITH MESOSCOPIC TARGET

A finite size target can be used to retrieve information about OAM m — \.
However, we need realistic target sizes o, > 1 nm.

Introduce OAM detuning:
my — ;) — (M — \y)
ms, — X\,
and necessary accuracy in the scattering amplitude measurement D:

P

D= max (Rmz—)\z(alh K’) - Rm1—>\1(0b7 H))
op,kER L

A two times difference between the OAM values (6§ = 0.5) = D ~ 0.45.

For closer OAM values (smaller 6), D also decreases: for § ~ 0.08 - D ~ 0.064, and

for § =~ 0.01-D ~ 0.007.

For example, to distinguish m, — X\, = 11and m, — \, = 12 (detuning § = 0.083) one

must have experimental setup resolution better than D = 0.064.




SUMMARY

On photoelectron emission
m evolved state gets OAM ¢
m OAM of incident photon is preserved
m coherent / incoherent approach
On scattering of LG electrons
m OAM dependent (target -averaged) cross sections
m info on beam characteristics
On scattering of highly-relativistic electrons
m OAM from scattering on targets of varying sizes
m measuring ~ of a Bessel beam
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